Optical modeling off-stoichiometric amorphous Al2O3 thin films deposited by reactive sputtering by Jung, Jy Yun
 
 
 
 
 
 
OPTICAL MODELING OFF-STOICHIOMETRIC AMORPHOUS AL2O3 THIN 
FILMS DEPOSITED BY REACTIVE SPUTTERING 
B Y  
JY YUN JUNG 
DISSERTATION 
Submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy in Mechanical Engineering 
in the Graduate College of the 
University of Illinois at Urbana-Champaign, 2012 
Urbana, Illinois 
Doctoral Committee: 
Professor M. Quinn Brewster, Chair and Director of Research     
Professor John R. Abelson 
Associate Professor Min-Feng Yu 
Assistant Professor Kimani C. Toussaint 
 
	   ii	  
Abstract 
This work was initiated from a question brought up by previous research about 
how the optical properties of alumina droplets/particles found in solid rocket motors are 
related to their stoichiometry.  We approached this question by adopting methods 
common in thin film technology. 
Alumina/aluminum/off-stoichiometric thin films were deposited by the reactive 
sputtering, which enabled us to vary the composition of films by controlling the oxygen 
flow ratio fed into the deposition system.  The composition of the films was investigated 
with X-ray photoelectron spectroscopy (XPS).  This technique provided information 
regarding the chemical composition as well as the intermediate oxidation states of the 
films. 
The films’ thickness was measured by X-ray reflectivity (XRR), and the 
inevitable surface roughness of the films was examined by atomic force microscopy 
(AFM).  Both techniques (XRR and AFM) were useful because they allowed us to make 
good initial guesses (in ellipsometry) for the film thickness and the roughness layer’s 
thickness. 
We also measured the films’ transmissivity with a spectrophotometer.  When a 
film becomes optically thick, the ellipsometer cannot see inside the film.  Even so, a 
modeling based on the ellipsometric data works well as long as the film’s properties are 
homogeneous along its depth.  But, when there is inhomogeneity in the optically thick 
film, the transmissivity is crucial to the film’s optical modeling because the 
spectrophotometer’s source light interacts with the film all the way down to the bottom of 
the film and comes to its detector.  Thus, it can deliver information (transmissivity) about 
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the inhomogeneity while the ellipsometer’s source light might be absorbed within the 
film. 
These auxiliary data from XRR, AFM, and spectrophotometry allow a tangible 
modeling in ellipsometry and reduce the correlations between fitting parameters, which 
ensures that accurate optical constants are obtained.  Due to the complexity of the films, 
these additional data were vital when we modeled the off-stoichiometric films. 
Prior to a film deposition on a microscope glass substrate, we did optical 
measurement on the bare glass and modeled it.  We found there was much higher level of 
absorption in the glass than a quartz glass (SiO2), whose optical constants are commonly 
adopted for modeling a glass.  If we had not identified the microscope glass absorption 
and had used the optical constants of the quartz, this glass absorption would have been 
inaccurately attributed to a subsequent deposited film. 
We then modeled the alumina films deposited at 5 to 9% oxygen flow ratio.  
Dispersion models (Sellmeier and Lorentz) showed that as the oxygen flow ratio 
decreased, the resonance energy also decreased.  We believe the decreased oxygen flow 
ratios induce more defects, which situate themselves below the band gap and eventually 
lowered the band gap. 
We then modeled the aluminum film deposited at 0% oxygen flow ratio with an 
ensemble of a Drude oscillator and two Tauc-Lorentz oscillators.  We observed the 
interband absorption was reduced compared to the bulk films.  The reduction was thought 
to be an effect of volume oxides and disorderliness.  We could also see that free 
electrons’ optical mass was higher and their relaxation time was shorter than the bulk 
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films; thus, the optical conductivity of the film was lower.  These changes were 
essentially caused by residual oxygen molecules gettered to the aluminum atoms. 
Finally, we modeled the off-stoichiometric films deposited at 1.5, 2, 3, and 4% 
oxygen flow ratios.  Unlike the alumina (5 to 9%) and aluminum films (0%), these films 
were non-intrinsic and inhomogeneous in optical properties.  To address these two non-
ideal properties, we have used the effective medium approximation (EMA).   
We found mixing intrinsic (stoichiometric) materials did not simulate the non-
intrinsic properties well.  Significant improvements were obtained in the modeling by 
mixing optically or compositionally neighboring materials.  The inhomogeneity was 
addressed by grading the constituents of the EMA.  The 1.5, 2, and 3% films were found 
linear in the profile of the optical properties while the 4% film was found non-linear.  The 
latter showed an exponential variation of the optical properties; most of change was 
confined in the bottom of the film where aluminum particles were distributed but not 
agglomerated due to the oxygen contents in the film.  The 4% oxygen flow ratio was the 
threshold oxygen flow ratio, above which films came out as oxides from the reactive 
sputtering. 
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1. Introduction 
The optical properties of alumina have been studied for almost 50 years.  Early 
interest originated in the field of aluminized solid rocket motors where radiative heat 
transfer from exhaust plumes needed to be assessed (Dill, Reed, Calia, & Schulz, 1990; 
Gosset et al., 2002; Parry & Brewster, 1991).  Nowadays these properties have received 
increasing interest due to alumina’s thin films applications such as optical coatings, 
dielectric layers, and protective coatings (Aguilar-Frutis, Garcia, & Falcony, 1998; Bhatia 
& Guthmiller, 1989; Kelly & Arnell, 1999; Lin, Wang, & Hon, 1996; Z. Zhao et al., 
2004).  
This work was initiated from a question brought up by previous research about 
how the optical properties of alumina droplets/particles found in solid rocket motors are 
related to their stoichiometry (Nelson, Richardson, & Keil, 1973; Parry & Brewster, 
m1991).  We approached this question by adopting methods common in thin film 
technology: film deposition by sputtering, stoichiometry measurement by X-ray 
photoelectron spectroscopy (XPS), surface topography by atomic force microscope 
(AFM), thickness by X-ray reflectivity (XRR), transmissivity by spectrophotometry, and 
ellipsometric data by ellipsometry. 
1.1. Optical Properties of Liquid and Solid Alumina in Solid Rocket 
Motors 
Exhaust plumes from aluminized solid rocket motors contain a large proportion of 
liquid (droplets) and solid (particles) alumina.  Optical properties of the liquid and solid 
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alumina have been extensively studied in order to assess radiative heat transfer by 
exhaust plumes. 
Optical properties of the liquid alumina strongly depend on the temperature and 
on the nature of the gaseous environment.  Their emissivity appears to increase with 
temperature.  The temperature effect is particularly significant near the melting point of 
alumina (Rozenbaum, Meneses, & Auger, 1999; Sarou-Kanian, Rifflet, & Millot, 2005).  
Studies also demonstrate that a minimum in absorption occurs at intermediate values of 
oxygen pressure: higher absorption is observed when the liquid alumina is heated up and 
evaporated in either inert/reducing gases (lower oxygen pressure) or oxidizing gases 
(higher oxygen pressure) (Krishnan, Weber, Schiffman, Nordine, & Reed, 1991; Weber, 
Nordine, & Krishnan, 1995a; Weber, Krishnan, & Anderson, 1995b).  The oxygen 
pressure at which this minimum absorption occurs increases with temperature. It is 
suggested that the minimum absorption was attributed to a minimum in the free carrier 
concentration at the stoichiometric composition of the alumina.  
Solid alumina particles collected from exhaust plumes were found to occur in at 
least two different major crystalline phases, α-phase and γ-phase (Dill et al., 1990).  
Knowledge of the crystalline phase was needed because particles’ emissivity is 
dependent on the phase.  When a liquid alumina droplet solidifies, it is most likely to 
evolve into a meta-stable γ-phase. Then, if there is sufficient time, it may progress 
through other phases (δ and θ) until it finally transforms into a stable α-phase (Levi, 
Jayaram, & Valencia, 1988; Oliver & Moylan, 1992).  In other words, rapid temperature 
quenching of liquid alumina produces the meta-stable γ-phase.  This is consistent with 
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observations that small particles (<1 µm) tend to be γ-phase, and large ones (2 to 10 µm) 
tend to be α- phase (Dill et al., 1990). 
Besides the temperature-time history of particles, small meta-stable particles’ 
presence is reported to be justified due to gaseous nitrogen in the propellant exhausts 
(Gosset et al., 2002).  The composition of small particles was found to be Al196O288N4 
(aluminum oxy-nitride), where nitrogen atoms work as a stabilizer group in the γ-phase: 
liquid alumina dissolves gaseous nitrogen, and then it replaces nitrogen with oxygen, 
probably from vapor H2O, during its solidification.  While large particles cool down 
gradually with sufficient time for reacting with oxygen and thus become oxide and α-
phase, small particles solidify without a sufficient time for reacting with oxygen and thus 
form aluminum oxy-nitride and γ-phase. 
There have been many studies on parameters affecting optical properties of solid 
and liquid alumina such as temperature, ambient gas, impurity, and crystalline structure 
(solid) as mentioned.  All these parameters can either affect or be affected by 
stoichiometry.  While the effect of stoichiometry has been acknowledged for a long time, 
there seems to be little research investigating stoichiometry as a major parameter of 
optical properties of alumina.  This is probably because of the severe temperature of the 
liquid and solid alumina whose melting temperature is around 2300 K.  Even if off-
stoichiometric liquid alumina might be produced above 2300 K under various 
atmospheres (oxidizing/inert/reducing), in-situ determination of both its stoichiometry 
and optical properties has not been attempted yet.  By adopting thin film technology, 
stoichiometry is controlled in preparation of alumina films, and optical experiments can 
be done rigorously. 
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1.2. Off-Stoichiometric Alumina Thin Films 
Aluminum oxide thin films have received increasing interest due to their 
applications such as optical coatings, dielectric layers, and protective coatings (Jhin, 
Kang, Byun, Kim, & Adesida, 2008; Serra & Benamati, 1998; Zhu, Wang, Leu, & Wu, 
1995).  Various deposition techniques, including chemical vapor deposition (CVD) and 
physical vapor deposition (PVD), have been used to synthesize alumina thin films 
(Prengel, Heinrich, Roder, & Wendt, 1994; Zywitzki, 1996; Zywitzki, Hoetzsch, & 
Fietzke, 1996). 
Optical properties of alumina thin films are very dependent on the deposition 
conditions, which determine formations of a particular phase or phase mixtures (Thornton, 
1974).  Although α-phase alumina is usually desired, several meta-stable phases coexist; 
for example, when low temperature growth is required to limit the thermal load of the 
substrate.  Many low-temperature growth studies show that the temperature of substrates 
is generally required to be around 500°C for α-phase and 200°C for γ-phase (Zywitzki et 
al., 1996); typical substrate temperatures for crystalline alumina by CVD are around 
1000°C (Schneider, Sproul, Voevodin, & Matthews, 1997; Zywitzki et al., 1996).  
Energy deficiency by the lower temperature of substrates might be replenished with a 
high energetic bombardment by a bias of substrate [27-29] or a pre-deposition of a Cr2O3 
layer crystallizing in almost the same hexagonal structure as α-phase alumina (J. M. 
Andersson, Czigány, Jin, & Helmersson, 2004). 
In studies for deposition methods of crystalline alumina thin films, optical 
characterization of resultant films is followed mainly in order to validate the deposition 
methods (J. Andersson, Wallin, Helmersson, & Kreissig, 2006; Rosén, Mráz, Kreissig, 
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Music, & Schneider, 2005; Shamala, Murthy, & Narasimha Rao, 2004; Zhang et al., 
2008; Z. Zhao et al., 2004).  Thus, optical properties of alumina thin films are mainly 
concerned as a function of deposition conditions (such as substrate temperature, 
working/base pressure, distance between substrate and target, bias to substrate, sputtering 
power, annealing etc.), and the films are always stoichiometric or slightly sub-
stoichiometric due to the need of crystalline alumina films.  In some cases, stoichiometry 
of alumina thin film was greatly varied, but it comes as a composite material mixed with 
other chemicals depending on its applications (Chen, Yang, Charpentier, & Nikumb, 
2008; Lai, Huang, & Ko, 2007; Luca et al., 2009; Mohamed & Drese, 2006; S. Zhao & 
Wackelgard, 2006). 
1.3. Objective and Approach 
In this study, we are interested in the optical properties (complex index of 
refraction, n+ik) of alumina thin films at spectra of near UV-Vis-Near IR as a function of 
stoichiometry over a wide range of film compositions: from a dielectric (alumina) to a 
metallic (aluminum).  Our main work is optical modeling of films with ellipsometry.  In 
preparation for the modeling, film deposition and its basic characterization had to be 
performed.  Accordingly, this thesis is organized into two groups.  The first group 
consists of film deposition (chapter 2), film composition (chapter 3), defect diagrams by 
the Brouwer approach (chapter 4), film thickness and roughness (chapter 5), and film 
transmissivity (chapter 6).  The second group consists of ellipsometry basics (chapter 7) 
and optical modeling of a glass substrate (chapter 8), oxide films (chapter 9), metal films 
(chapter 10), the effective medium approximation (chapter 11), and finally, off-
stoichiometric films (chapter 12). 
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1.4. Group I: Preparatory Study 
In chapter 2 (Film Deposition), we will discuss how we deposited thin films 
whose composition varies from alumina to aluminum.  For deposition, we have used a 
reactive sputtering system with aluminum as a metal target and oxygen as a reactive gas.   
Reactive sputtering is one of the common methods for deposition of compound thin films.  
It works by physically peeling off atoms/molecules from a target material in a reactive 
gas atmosphere.  Then the two materials from the target and the gas combine.  
Subsequently they are deposited on a substrate (Chapman, 1980).  Thus controlling the 
amount of the reactive gas during sputtering is one known way to control a compound 
film’s chemical composition.  We will show how the composition changes with the 
amount of oxygen flow injected during the sputtering process.   
In chapter 3 (Film Composition), we will discuss how we found our films 
composition with XPS and provide some insight into the chemical states of the films.  
XPS provides information regarding chemical composition; for example, it shows what 
elements exist and the proportions of them.  XPS can also tell the electronic, chemical, 
and physical nature of an element as it exists with other elements.  The oxidation state of 
aluminum is one of many subjects, which benefit from XPS. 
In chapter 4 (Point Defects – Brouwer Approach), we have attempted to 
analytically associate the non-stoichiometry or intermediate oxidation states (explained in 
chapter 3) with the oxygen pressure through the Brouwer approach (Brouwer, 1954).  
The Brouwer approach provides an ability to predict the point defect concentration, such 
as oxygen vacancy, as a function of oxygen partial pressure.  This approach also offers 
insight into how non-stoichiometry is related to the defect concentration (Duncan, Wang, 
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Bishop, Ebrahimi, & Wachsman, 2006).  In our simple analysis, we assumed oxygen 
vacancies (Schottky defect) are a controlling defect type because of the reducing (oxygen 
less) environment during sputtering.  The choice of vacancy over interstitial (Frenkel 
defect) is reasonable because thin films are less dense than bulk materials. 
In chapter 5 (Film Thickness and Roughness), we will discuss the thickness and 
roughness of films.  In the optical modeling with ellipsometry, the thickness and the 
roughness are additional unknowns besides the optical constants.  The more variables we 
have, the higher the correlations between variables.  Thus, it is harder to find a unique 
best-fit optical model.  It is always better to know about films as much as possible before 
modeling.  This is the reason we put films under x-ray reflectivity (XRR) and atomic 
force microscopy (AFM) since the former method sees the thickness and the latter 
method sees the roughness with no need for modeling or fitting.  Therefore, we can start 
to build an optical model with a solid basis.   
In chapter 6 (Film Transmissivity), we will show transmissivities of films, which 
are additional complementary data to the optical modeling of the films by ellipsometry.  
We find transmissivity is crucial to the modeling of off-stoichiometric films.  Note that 
the data shown in the chapter 5 and 6 are from “smoother films” deposited at a lower 
working pressure, 2 mtorr.  This new pressure was suggested during my preliminary 
exam for smoothness of films.  This new deposition condition is also discussed in this 
chapter. 
1.5. Group II: Optical Modeling 
In chapter 7 (Ellipsometry Basics), we will cover the fundamentals of 
ellipsometry and illustrate an optical model for one of our samples.  In our modeling, we 
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used oscillators such as Sellmeier, Cauchy, Lorentz, and Tauc-Lorentz.  The real film’s 
complexity is taken into account by mixing and grading optical constants, which are 
modeled by the oscillators.  These approaches will be discussed in detail in following 
chapters. 
In chapter 8 (Microscope Glass Substrates), we will show optical models for a 
bare microscope glass.  Since the glass is a composite material (for example, 
compositionally 70% of the glass is SiO2), we considered its absorption instead of 
assuming it is transparent while the absorption scale is still quite low (k=10^-6).  We 
modeled the glass prior to a film deposition on it so that we can decouple optical 
constants of a substrate from optical constants of a film.  This is the same reason why we 
measured the thickness and the roughness of a film separately from ellipsometry.  These 
extra steps help to find a unique fit by lowering/eliminating correlations between fit 
parameters. 
In chapter 9 (Oxide Films), we will show how a Sellmeier/Lorentz oscillator is 
applied to alumina films.  The resultant optical constants are compared with optical 
constants of crystalline bulk alumina.  The differences between them are interpreted with 
concepts of band gap energy and extrinsic defects. 
In chapter 10 (Metal Films), we will show how an ensemble of a Drude oscillator 
and two Tauc-Lorentz oscillators is applied to the aluminum film.  The Drude oscillator 
represents the electrical conduction resulting from free elections (intraband absorption) 
and the Tauc-Lorentz oscillators represent the interband absorption arising from 
transitions between parallel bands.  We will compare optical constants of the aluminum 
film found by this optical model with reference data, then interpret the differences 
	   9	  
(especially, seen in the broadening of the interband peaks) with concepts of volume oxide 
and disorder embedded in the film.  We also compare reflectance of the film with the 
reference data and perceive the importance of a microscopic roughness layer on the top of 
the film. 
In chapter 11 (A Survey of EMA Usage), we will summarize various research 
areas where the effective medium approximation (EMA) has been used for optical 
modeling.  After a survey of the related studies, we come up with our own following 
classification.  A group of studies uses the EMA to mix optical constants of pure phases.  
Another group considers the constituents of the EMA as non-intrinsic; thus, they do the 
modeling with dispersion oscillators.  The last group finds a need to have another level of 
complexity in the EMA since the mixture is not necessarily homogeneous throughout a 
sample.  For example, the concentration of a constituent can be distributed linearly or 
even nonlinear.  This survey is crucial to our understanding of the EMA and modeling of 
off-stoichiometric films.   
In chapter 12 (Off-Stoichiometric Films, the last chapter), we will show our 
modeling of off-stoichiometric films and the resultant optical constants.  The off-
stoichiometric films contain chemical/structural irregularities such as intermediate 
oxidation states and disorders, which bulk materials presumably do not.  Thus, we find a 
common approach, where optical constants of two or more intrinsic bulk materials are 
mixed by the EMA, does not work well.   
From the studies summarized in chapter 11, we find the EMA can be extended so 
that it can address some features in thin films such as, namely, non-intrinsic property 
(thin films are different from bulk materials) and inhomogeneity (thin films show 
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compositional profiles along the thickness).  These characteristics are what we see from 
the off-stoichiometric films.  In this chapter, we will demonstrate how we incorporate 
these features into the EMA modeling of the films. 
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2. Film Deposition 
2.1. Reactive Sputtering for Composition Control 
Reactive sputtering is one of the common methods for deposition of compound 
thin films.  It works by physically peeling off atoms/molecules from a target material in a 
reactive gas atmosphere; thus, the two materials from the target and the gas combine at a 
substrate (Chapman, 1980).  Controlling the amount of the reactive gas during sputtering 
is one way to control the compound film’s chemical composition. 
For example, Zhu et al. (1995) studied microstructures of alumina films deposited 
on superalloys.  Belkind et al. (1992) studied the resistivity and optical properties of 
RuO2 films.  Kelly and Arnell (1999) studied the phase of alumina films.  Zhao et al. 
(2006) studied the optical properties of aluminum-aluminum nitride composite.  Zhao et 
al. (2004) (the author is different from the former) studied optimization of DC magnetron 
sputtering process for thin graded index coatings for solar thermal absorbers. 
These studies controlled the oxygen incorporation into the films by manipulating 
the oxygen partial pressure during the sputtering process (called a working pressure), but 
there are also studies where the oxygen incorporation was controlled by varying oxygen 
content in the base pressure (the pressure before the sputtering process).  For instance, 
Van Gils et al. (2005) increased the oxygen incorporation into aluminum oxide films by 
increasing the base pressure while keeping the working pressure with argon only. 
Another approach is adding air during the sputtering instead of oxygen.  For 
example, Chan and Lu (2008) replaced pure N2 and O2 gas with air as a reactive gas to 
reduce processing time for deposition of titanium oxynitride (TiNxOy) films. 
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2.2. Oxygen Content 
As an example for a reactive sputtering system with aluminum and oxygen, Kelly 
and Arnell (1999) showed coatings whose composition ranges from pure aluminum to 
stoichiometric Al2O3.  Four deposition factors - oxygen flow ratio, substrate bias, target 
current, and distance between the substrate and the target - have all been shown to 
influence composition and hardness, properties of interest in this study.   
Increasing these factors increases both the flux and the energy of the oxygen ions 
incident at the substrate.  This, in turn, has the effect of increasing the oxygen content of 
the coatings.  Besides these factors, Hollars and Dunn (1998) reported that high vacuum 
(base) pressure and slower evaporation rate of aluminum target are conducive to oxygen 
incorporation.  It appears the main parameter of the composition is the oxygen content 
during sputtering. 
 A characteristic behavior found in Al + O2 (or air) deposition systems is that the 
transition from metallic (aluminum) to dielectric (alumina) is not continuous with oxygen 
content but rather a step change across a narrow range of compositions (Chiba, Abe, 
Kawamura, & Sasaki, 2008; 2009; Kelly & Arnell, 1999; Zhu, Wang, Lou, & Wu, 1995).  
This seems reasonable because the only stable equilibrium phase in the Al-O system is 
Al2O3 (Committee, 1973). 
It is believed that oxygen molecules injected into a sputtering chamber are almost 
completely gettered by Al atoms deposited on a substrate.  Thus, the oxygen density in a 
plasma is very low, and the Al target remains in a metal mode.  Once enough oxygen is 
supplied to overcome the gettering effect, the oxygen density in the plasma increases 
abruptly and induces the target mode to change from metal to dielectric.  Therefore, in 
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order to deposit non-stoichiometric alumina films, especially less oxygen alumina 
(Al2O3-x), the oxygen flow ratio has to remain below this critical condition.   
2.3. Aluminum Content 
The number of sputtered aluminum atoms may be controlled by sputtering power.  
Higher sputtering power is known to reduce the time of flight of aluminum atoms, 
increase the mean free path of the atoms, increase the rate of deposition, and reduce the 
probability of interaction between aluminum and oxygen at the substrate where the major 
oxidation occurs (Hollars & Dunn, 1998; Madden, Canfield, & Hass, 1963; Van Gils et 
al., 2005). 
Chiba et al. (2008; 2009) reported that “the number of supplied O atoms (N_O) at 
the critical condition is in almost constant ratio with the amount of sputtered Al atoms 
(N_Al) and the ratio of N_Al to N_O was close to the stoichiometric ratio of Al2O3 (2 to 
3).”  This indicates the critical amount of reactive gas (O2) necessary to form Al2O3 is 
dependent on the amount of sputtered Al atoms under the metallic target mode. 
2.4. Oxygen Flow Ratio 
In our sputtering system, the amount of O atoms can be controlled quantitatively 
by a mass flow meter, and the amount of Al atoms can be controlled by a sputtering 
power.  While we tried to deposit films with a variation of sputtering power, the main 
parameter we chose for the compositional change was the oxygen flow ratio because the 
mass flow meter gives more solid control.  Thus, the oxygen flow ratio has been a 
varying parameter while the sputtering power remained constant. 
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There are a number of models for reactive sputtering to explain the effects of 
processing parameters on the chemical composition as well as hysteresis, deposition rate, 
and target poisoning effect (Berg & Nyberg, 2005; Heller, 1973).  However, certain 
parameters, such as sputtering yields, sticking coefficients, pumping speed, and target ion 
current had to be assigned appropriate values to fit the theory to experimental results.  To 
accomplish this, researchers will have to find out the parameters for their own sputtering 
systems through real tests (Chiba et al., 2009). 
As a preliminary test we made samples by varying the oxygen flow ratio from 0% 
to 8% at a constant sputtering power of 300W.  Two kinds of substrates, Si (100) wafers 
and microscope glasses were used for this experiment.  Prior to deposition, the substrates 
were ultrasonically cleaned in acetone and isopropanol, but with the natural oxide not 
removed.  The deposition chamber was pumped down to a base pressure of 2*10^-7 torr.  
An aluminum target was pre-sputtered for 10 min to remove unwanted materials.  
Sputtering for actual deposition was performed at a constant pressure of 5.0 mtorr (and 
2.0 mtorr which will be explained later), and total gas flow (Ar + O2) was kept at 20 
sccm (standard cubic centimeters per minute).  The substrates were at floating potential 
and room temperature.  The film deposition rate was monitored between 0.5 to 1.0 A/s. 
The relationship between the oxygen flow ratio, under which samples were 
deposited, and the resultant composition is illustrated in Figure 2-1.  The chemical 
composition shown on the y-axis is normalized by a composition of a film deposited with 
the highest oxygen flow ratio (8% oxygen), which is believed to be enough oxygen to 
produce an aluminum oxide.  The chemical composition of the 8% film was analyzed 
with XPS.  We will discuss the composition analysis (quantification) done by XPS in 
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detail the next chapter.  It turned out that the 8% film contained a little less oxygen 
compared to an ideal Al2O3, such as a sapphire, which we purchased externally and 
analyzed by XPS for comparison.    
Figure 2-1 shows the composition changes from aluminum to alumina as the 
oxygen flow ratio increases.  For this test, the sputtering power was set to 300W and total 
pressure kept at 5 mtorr.  Films appeared as alumina once the oxygen flow ratio exceeded 
4%.  It seems our target changes its mode from a metal to an oxide around 4%.  As we 
can see from the figure, we don’t have data points between the 0% and 2% oxygen flow 
ratios.  In the current sputtering setting, the minimum oxygen flow ratio we can have is 
0.4 sccm, which corresponds to the 2%.  Beyond the minimum, a deposited film becomes 
an oxide shortly.  In other words, the Al target changes its mode to the oxide quickly, as 
reported in other studies (Chiba et al., 2009). 
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Figure 2-1: Stoichiometry vs. oxygen flow ratio for films deposited at 300 W (sputtering power) and 5 
mtorr (working pressure).  The solid line has been drawn to guide the eyes.  4, 5, 6, and 7% films are 
determined by a Kratos XPS system and other quantification is done with a PHI XPS system (which 
are explained in chapter 3, “Film Composition”). 	  
Hysteresis refers to systems that might exhibit path or history dependence.   In 
reactive sputtering systems, the hysteresis effect is observed in the variation of sputtering 
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rate, target voltage, and reactive gas partial pressure depending on the path (increase or 
decrease) of the reactive gas flow rate (Andersson, Czigány, Jin, & Helmersson, 2004; 
Belkind, Orban, Vossen, & Woollam, 1992; Sproul, Christie, & Carter, 2005). 
The origin of the hysteresis in reactive sputtering systems is the changing target 
condition due to the reaction of the target with the reactive gas.  For example, when the 
oxygen flow increases, the oxygen is consumed on the aluminum target.  But, when the 
oxygen flow rate decreases, the aluminum target needs time to become metallic and the 
consumption of oxygen will be low.  Depending on the path, the plasma condition in the 
chamber will be different and affect a film’s composition/structure (Berg & Nyberg, 
2005; Depla, Mahieu, & De Gryse, 2009; Mohamed & Drese, 2006; Shamala, Murthy, & 
Narasimha Rao, 2004; Takamura, Abe, & Sasaki, 2004).  Thus, the current curve shown 
in Figure 2-1 is valid for increasing oxygen flow rates.  It is possible that the results 
would be different for decreasing oxygen flow rates. 
2.5. Sputtering Power 
We also tested the sputtering power as a parameter for the composition control.  
For example, sputtering power was set at 50, 100, 200, and 300 W while other parameters 
remained same.  Even without injection of oxygen during deposition process, in the cases 
of 50 and 100W, films came out more like aluminum oxide rather than aluminum, as 
illustrated in Figure 2-2.  In these low sputtering powers, residual gas atoms existing in 
the base pressure appear to contain a good amount of oxygen comparable to the 
aluminum atoms deposited on a substrate. 
The residual oxygen may disappear or significantly decrease if UHV (Ultra-High 
Vacuum, lower than 10^-9 torr) is obtained.  That might be achieved if a vacuum pump is 
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left on for one or two days (depending on the vacuum pump) prior to deposition process, 
but this method leads to a significant increase in cost.  The cost comes from reserved 
hours for the system and $20 per hour.  Due to cost, UHV and low sputtering power were 
not options for this experiment.  For this work, we assigned a budget such that two hours 
were reserved per sample, coasting $40 per sample.  
It was observed that films deposited at 200 and 300 W without oxygen were quite 
close to aluminum.  We don’t have XPS quantification for the 200 W sample, but the 
sample’s closeness to aluminum it is evident from its optical data (shown later).  Thus, 
the sputtering power needed to be more than 200W.  Then, the system itself was only 
able to operate under 350W.  These limiting factors such as the cost and the power supply 
let us choose the oxygen flow ratio over the sputtering power for the composition 
variation. 
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Figure 2-2: Stoichiometry of films deposited at 50, 100, 200, and 300 W without oxygen injection 
during the sputtering process.  Working pressure was kept at 5 mtorr with argon only.  The 
stoichiometry of 200 W sample was assumed based on its optical data, which are shown in chapter 
10, “Metal Films.” 
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3. Film Composition 
3.1. Basic Concept of XPS 
 X-ray photoelectron spectroscopy (XPS) is a widely used technique to investigate 
the chemical composition of surfaces.  It provides information about the chemical 
composition by determining what elements exist in a film surface in what proportions.  
XPS can also determine the electronic, chemical, and physical nature of an element, as it 
exists with other elements.   
 Electrons generated by the photoelectric effect leave a film surface under 
investigation with a characteristic energy since core level electrons in solid-state atoms 
are quantized.  Thus, a resulting energy spectrum exhibits resonance peaks characteristic 
of electronic structure for atoms at a film surface provided they have not undergone 
energy loss. 
 While the x-rays may penetrate deep into a film, escape depths of the ejected 
electrons are limited.  Electrons at a depth greater than a few nanometers have a low 
probability of leaving the film surface without undergoing energy loss.  These electrons 
undergoing inelastic collisions (energy loss) within the film surface appear as a 
background signal rather than a well-defined photoelectric peak (Fairley, 2010). 
 There are many algorithms to analyze the background signal, but none of them are 
exact, thus they represent a source of uncertainty.  Thus, accurate atomic concentration 
quantifications from XPS spectra are not quite as clear as we might expect.  
Quantification of elemental composition typically contains about a 10% error (Fairley, 
2010). 
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3.2. Quantification of Films by Area of Peak 
 We studied a film’s composition by standard atomic quantification based on a 
background subtracted peak area of Al 2p and O 1s.  An issue for as accurate 
quantification as possible is that, besides the background signals mentioned earlier, 
relative sensitivity factors (RSF) of photoelectric peaks needed to be modified in order to 
scale the measured peaks.   
 For this purpose, we purchased a commercial sapphire (a crystalline Al2O3) 
sample and modulated the RSFs of Al 2p and O 1s peaks such that the sapphire’s 
quantification gives out the ideal ratio of Al to O as 2:3.  We used this set of RSFs found 
from the sapphire sample quantification for all of our films’ quantifications.   
 One thing to note is that the RSF is only accurate for compositionally 
homogeneous films.  For non-homogeneous films, the kinetic energy of the photoelectric 
line alters the depth from which electrons are sampled (Fairley, 2010).  In such cases, the 
XPS spectra are measured to see the variation of composition qualitatively, but are not 
processed for quantification. 
 Figure 3‑1 (top) shows a survey spectrum acquired from a film deposited with 8% 
oxygen flow ratio using a Physical Electronics PHI 5400 XPS with an X-ray source, 
1253.6 eV (Mg).  It was measured after surface cleaning by argon etching for 5 min; thus, 
C 1s peak (supposed to be at 285 eV) is not seen.  Besides, oxygen and aluminum peaks 
(O 1s and Al 2p/2s), there are argon peaks labeled as Ar 2p (measured at 245 eV), which 
is from the argon used for the etching.  When a sample is not electrically connected to an 
instrument, there is a potential difference between the sample and the instrument under 
the influence of the x-rays (Fairley, 2010).  Thus, this spectrum was corrected by shifting 
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the measured Ar 2p peak to its true binding energy at 248.1 eV.  After the low resolution 
survey spectrum, narrow scan spectrum with a higher resolution was obtained to create 
quantification regions for O 1s and Al 2p, as shown in the Figure 3‑1 (bottom). 
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Figure 3-1: Survey spectrum of the 8% oxygen flow ratio film measured from Physical Electronics 
PHI 5400 after a 5 min sputter cleaning (top) and two narrow scans for O 1s and Al 2p for 
quantification (bottom). 
 
 For the purpose of quantifying a sample, the integrated intensity must be adjusted 
for both relative sensitivity factors of the various photoelectric lines and energy 
dependent instrumental/measurement artifacts before computing the elemental 
composition for the sample (Fairley, 2010). 
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 The default CasaXPS library contains Scofield cross-sections for the relative 
sensitivity factors (Fairley, 2010).  Of course, the theory does not include corrections for 
instrumental and sample dependent intensity variations.  Without these corrections, XPS 
still yields very sensitive measurements, which are good for investigating any change in a 
sample’s chemical states, but poor for absolute quantities, such as the proportion of 
aluminum and oxygen atoms in our films.  As mentioned earlier, we purchased and 
quantified a sapphire sample, crystalline Al2O3, and modified the default RSF for our 
XPS to yield 2:3 as a ratio Al:O.  For the quantification shown in Figure 3-1, the ratio of 
Al to O was 2 to 2.77, a bit oxygen deficient compared to the sapphire. 
 Figure 3‑2 (top) shows a survey spectrum acquired from the 0% oxygen flow ratio 
film through the same process applied to the 8% film.  First, we can tell the O 1s oxygen 
peak is dramatically reduced but not completely gone.  The other difference is plasmon 
peaks appeared right after Al 2p and Al 2s peaks.  They show energy loss events of 
photoelectric electrons scattered by free electrons constrained in energy bands of 
aluminum.  Therefore, the shape of the plasmon peaks’ distribution is influenced by the 
band structure of aluminum.  Quantification from the higher resolution narrow scan 
shown in the Figure 3‑2 (bottom) predicted that the ratio of Al to O is 2 to 0.1.  The small 
oxygen peak is because of the residual gas, incorporated into the aluminum film during 
its deposition process. 
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Figure 3-2: Survey spectrum of the 0% oxygen flow ratio film measured from Physical Electronics 
PHI 5400 after a 5 min sputter cleaning (top) and two narrow scans for O 1s and Al 2p for 
quantification (bottom). 
 
3.3. Shift of Peaks 
The standard approach to quantifying the XPS spectrum for the chemical 
composition is to measure the photoelectric peak area consisting of zero-loss electrons.  
But there is another method that can be used for quantification.  It works by comparing 
peaks’ positions and their shifts (if any) among samples.  It does not involve the peak 
area calculation.  Due to the extreme sensitivity of XPS, this approach is better at 
detecting the slightest changes in a sample.  
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In principle, a shift of the peak towards lower binding energy indicates a decrease 
in the positive charge of the aluminum atom.  This reveals that there is a decrease in the 
oxygen content.   
For example, Zhao et al. (2004) studied evolution of Al 2p core level in aluminum 
oxide thin films deposited at different oxygen pressures and showed a gradual shift in Al 
2p core level.  Specifically, for the film deposited at a relatively lower oxygen pressure, a 
lower binding energy (BE = 72 eV) of Al 2p peak was observed; for the film deposited at 
a higher oxygen pressure, a higher binding energy (BE=74.8 eV) of Al 2p peak was 
observed.  This indicates the change of oxidation state from metallic to dielectric.   
The facts that 1) the Al 2p core XPS spectrum shows a shift (about 2 or 3 eV) 
between the metal peak and the compound peak and 2) the metal peak is narrower than 
the compound have been used in many studies.  Several measurements of this kind, 
representing aluminum metal and 11 of its compounds have been collected in a special 
issue of Surface Science Spectra, where the Al 2p spectrum was decomposed to identify 
percentage areas due to the metal and the compounds respectively (P. Sherwood, 1998).   
We need high-resolution spectra for this type of study to resolve the small energy 
shift and identify different compounds in the energy range (~3 eV).  Certainly, our XPS 
system does not have a high enough resolution.  Its resolution is known as about 0.8 eV 
using Mg K_alpha (hv=1253.6 eV) radiation.  Although we cannot dissemble the Al peak 
in detail, we can still see how the peak evolves in our films.   This will be discussed in the 
following section. 
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3.3.1. Al 2p Peaks 
Figure 3‑3 shows the XPS spectra around Al 2p core level from films deposited at 
0, 2, 3, and 8% oxygen flow ratios.  The higher binding energy peaks around 76 eV is 
originated from electrons of the ionic bondings in the 8% film.  The lower peak around 
73 eV is from electrons of metallic bondings in the 0% film.  Thus, each film is found as 
alumina or aluminum respectively.  The spectra from the 3% and the 2% film appear to 
be composed of the alumina and the aluminum peaks.  Thus, they are mixtures. 
Note there are two XPS spectra labeled as “3%.”  Both are obtained from two 
separate films, which were deposited at a same oxygen flow ratio (3%); thus, they are 
supposed to be identical, but are not.  We acknowledge that either the film deposition or 
the XPS measurement (or both) is not 100% reproducible. 
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Figure 3-3: Al 2p peaks from films deposited with 0, 2, 3, and 8% oxygen flow ratios. 
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3.3.2. The 0% Oxygen Flow Ratio Film 
Now if we look at the 0% spectrum (shown in Figure 3‑3) closely, we may notice 
a little broadening towards a higher binding energy.  By nature the aluminum peak is not 
symmetric due to Al 2p 3/4 doublet peak, which is located at ~ 0.4 eV higher than the Al 
2p 1/2 metal peak.  But, the current broadening we see in the 0% spectrum is beyond the 
effect of the doublet peak. 
The 0% spectrum exhibits a somewhat oxidic character.  But, it is not surprising 
to see a measure of oxidic character in the film because in our current vacuum system, 
oxygen incorporation from residual gas to the film is inevitable. 
From our simple calculation, we expect the 0% spectrum consists of a dominant 
component, whose binding energy is located at 73 eV, which is the binding energy of Al 
2p electrons of bulk aluminum, and an auxiliary component, whose binding energy is 
located 1.2 eV higher.  Thus, the broadening may be assigned to the extra peak, which is 
located between the metal peak and the oxide peak (~76eV).  Therefore, the electrons 
showing the extra peak are not from either the metal or the oxide. 
We also notice the broadening is partly due to the resolution limit in the PHI XPS 
system.  For instance, we get 1.92 eV for full-width-half-maximum (FWHM) for the Al 
2p peak while 1.64 eV from the Kratos Ultra XPS from the identical sample.  Thus, the 
latter has a higher resolution.  We mainly used the former XPS system because the latter 
does not have an etching capability, which we used for the surface cleaning and depth 
profiling. 
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3.3.3. Intermediate Oxidation 
We think the extra peak causing the broadening of the 0% film’s spectrum is 
related to so-called “intermediate oxidation states.”  Faraci et al. (1993; 1995) 
investigated intermediate oxidation states in their two studies.  They deposited Al thin 
films (a couple of nanometers) on various substrates (SiO2, graphite, and Si) by 
evaporating Al metals in the presence of oxygen atoms at a pressure of 10^-10 Torr 
(UHV).  Then, they revealed three oxidation states (Al, Al1+, Al2+, and Al3+) and their 
spatial distribution (binding energy, width, and intensity) throughout the films by XPS.  
 While there are studies which show one or two non-ionic bondings (i.e. 
intermediate oxidation states) in the surface oxidation layer of aluminum by XPS 
(Bianconi, Bachrach, Hagstrom, & Flodström, 1979; Panda, Jeurgens, L. P. H., & 
Mittemeijer, 2009; Reichel, Jeurgens, L. P. H., & Mittemeijer, 2008), the works by Faraci 
et al. (1993; 1995) are distinct because they include all the possible stoichiometric (Al 
and Al 3+) and substoichiometric (Al 1+ and Al 2+) combinations.   
We speculate the reason their films have all the possible oxidation states is the Al 
oxidation method.  The common approach for obtaining Al oxidation is exposing an Al 
metal substrate to oxygen.  When a research aim is to see how the oxidation layer grows 
in real time, oxygen may be injected in an ultra high vacuum in order to slow down the 
oxidation process.  Interestingly, Faraci et al. thermally evaporated an Al metal and 
deposited it on substrates in the presence of oxygen atoms (in UHV).  The oxygen atoms 
were provided at a low rate by warming up an alumina wire (thermal desorption).  Thus, 
the way their Al oxidation layer was obtained was similar to a film deposition rather than 
a surface oxidation.   
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Faraci et al.’s works are particularly interesting to us because of the oxidation 
method they used, which is more like a film deposition than a typical surface oxidation.  
We believe their sample preparation method allowed for the variety of possible oxidation 
states of aluminum in their films.  As we study our off-stoichiometric films and apply the 
concept of intermediate oxidation states to our films, we find that all of the studies 
(except Faraci et al.) that report the intermediate oxidation states of aluminum, to our 
knowledge, are limited to one sample preparation method - the surface oxidation of an 
aluminum substrate.  We believe depositing aluminum atoms with a small amount of 
oxygen atoms (not sufficient to convert all of aluminum atoms to alumina) has a higher 
chance of achieving the intermediate oxidation states in resultant films.  This type of 
deposition is what we are doing and is similar to the works by Faraci et al. 
Figure 2-4 shows one of their results, a decomposition of a spectrum of Al 2p 
peak from an Al thin film deposited on a graphite substrate.  There are two intermediate 
oxidation states (Al 1+ and Al 2+) besides stoichiometric states (Al 3+ and Al 2p).  
Figure 2-5 shows the depth profiling of the three oxidation states.  The Al 2+ is confined 
at the interface, but the Al 1+ and the Al 3+ are present beyond the interface region. 
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Figure 3-4: A spectrum measured at 0.6 nm away from a graphite substrate.  Decomposition of the 
spectrum is made with Gaussian components that best fit the experimental data.  The reference 
energy E=0 was taken at the Al 2p 3/2 Peak.  This figure is from Faraci et al. (1995). 
 
Coverage (nm)
In
te
ns
ity
 (a
rb
. u
nit
s)
 
Figure 3-5: Photoemission intensity of the various Gaussian components of the Al 2p spectra as a 
function of Al coverage (distance from a substrate).  Al 2+ is confined at the substrate-aluminum 
oxide interface (left figure).  Al 1+ and Al 3+ prevail above the interface (right figure).  The lines are 
only a guide to the eye. This figure is from Faraci et al. (1995). 
 
Returning to our 0% film, the broadening we see in the film might be better 
understood when we apply the spectra of the intermediate oxidation states to the film’s 
spectrum.  The Al 1+ looks promising because, first, its binding energy is reported to be 
higher than the metal peak’s by ~1.2 eV.  This is similar to the gap we see in the 0% film 
where the auxiliary component is located about 1.2 eV higher than the metal peak.  
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Second, the Al 1+ is reported to prevail beyond the substrate-aluminum oxide interface 
and coexist with the Al 3+.   
This intermediate oxidation state becomes more important when it comes to the 
2% and 3% films called “off-stoichiometric films.”  As pointed out by Faraci et al., the 
XPS spectra of intermediate oxidation states are different from the spectra of 
stoichiometric states; furthermore, the former spectra cannot be fitted with a combination 
of the latter: they are unique.  This is what we see from the 2% and 3% off-stoichiometric 
films’ spectra.  Fitting the spectra of stoichiometric states to the spectra of the 2% and 3% 
films cannot be done because it will miss the broadening caused by the intermediate 
oxidation states’ peaks, which exist in the off-stoichiometric films.  
The perception of these intermediate oxidation states becomes a crucial building 
block when the off-stoichiometric films are optically modeled with the effective medium 
theory.  We will discuss this later in the chapter 12, “Off-Stoichiometric Film,” but, the 
main idea can be explained as follows.  In XPS, a spectrum of a mixture of alumina and 
aluminum can be fit by blending each material’s spectrum.  But, the blending would not 
fit well to a material containing intermediate oxidation states (Al 1+ and Al 2+) in 
addition to stoichiometric states (Al and Al 3+).  Similarly, in optical modeling with the 
effective medium theory, aluminum surface oxidation or volume oxide (oxygen inclusion 
in bulk aluminum) may be modeled by mixing optical constants of stoichiometric 
alumina and aluminum.  But, this mixture does not work well when it includes a measure 
of intermediate oxidation states. 
To summarize, we discussed how we measured the composition of our films 
shown in Figure 2-1 in the previous chapter.  Then, we introduced the intermediate 
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oxidation states.  We find they are important to understand the change from bulk films to 
thin films of aluminum/alumina.  Furthermore, they can interpret the change of 
stoichiometry in thin films.  We think the essential nature of the changes might be called 
the defect or disorderliness, which appears as the intermediate oxidation peaks in XPS. 
Although we did not measure the valence band XPS spectrum of our films, we 
would like to leave a short comment about this technique.  When the valence band XPS is 
used in conjunction with the core level XPS data such as ours, the result supplies 
complimentary and often enhancing information (French, 1990; Rotole & Sherwood, 
1999). 
The valence band is very sensitive to the way atomic orbitals overlap to form 
band structure (P. Sherwood, 1998).  In ideal Al2O3, there are only ionic bondings.  The 
band structure of the ideal Al2O3 is as follows.  The conduction bands arise from Al anti-
bonding orbitals, which are empty and correspond to the Al 3+ ion.  The top of the 
valence band (just below the conduction band) arises from O 2p anti-bonding orbitals, 
which are full and correspond to the O 2- ion.   
In real Al2O3, there is covalent character as well as ionic.  Thus, below the O 2p 
anti-bonding orbitals (ionic), a mixed Al and O bonding orbitals (covalent) exist and 
result in elections staying in Al 3s and Al 3p orbitals.  These orbitals would be absent in a 
completely ionic Al 3+ ion in an ideal Al2O3.  The valence band XPS can observe the 
covalent and ionic bondings, thus distinguish between various aluminum compounds. 
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4. Point Defects (Brouwer Approach) 
The Brouwer diagram is practically used for semiconducting materials to show 
how conductivity changes with composition.  Here it is applied to non-stoichiometric 
alumina films to understand how the composition varies with partial pressure of oxygen, 
which is the controlling parameter for the film deposition by a reactive sputtering system.  
4.1. Initial Assumptions 
Because the bonding in alumina is highly ionic, aluminum and oxygen vacancies, 
denoted in Kroger-Vink notation (Norby, 2007) by !!!vAl and vO•• , and interstitials, Ali••• and 
!!Oi , are normally assumed to carry their full formal charges.  It is also assumed that 
vacancies are important and interstitial defects can be ignored because alumina films 
deposited by sputtering at room temperature are known to be less dense than bulk 
alumina (Zhao et al., 2004).  Thus it is reasonable to assume that Schottky defects 
predominate over Frenkel defects.  Electrons or holes are assumed not trapped at the 
vacancies, but free to move.  These assumptions mean that there are only four defects to 
consider, vacancies on cation sites, !!!vAl , vacancies on anion sites, vO•• , electrons, !e and 
holes, h• . 
4.2. Defect Equilibrium 
The defect equilibrium equation for Schottky defects in ~Al2O3 is written as 
 0 = 2 !!!vAl + 3vO••  (4.1) 
The equilibrium constant of the equation is  
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 KS = vO••!" #$
3
%%%vAl[ ]2  (4.2) 
where square brackets express concentration of the defects. 
The defect equilibrium equations for the formation of cation and anion vacancies are 
 3 4O2 g( ) = !!!vAl + 3h• + 3 2OX0   (4.3) 
 OX0 = v••O + 2 !e +1 2O2 g( )  (4.4) 
The corresponding equilibrium constants are 
 KvAl = !!!vAl[ ] p3 OO"#$ %&
3 2 PO2
'3 4 = !!!vAl[ ] p3PO2'3 4  (4.5) 
 KvO = vO••!" #$n2 OO%!" #$PO2
1 2 = vO••!" #$n2PO2
1 2  (4.6) 
where OOX is oxygen on an anion site, PO2 oxygen partial pressure, P  hole concentration 
and n  electron concentration.  Because the defect concentrations are assumed small 
OO!"# $% = 1 .   
The excitation of an electron from the valence band to the conduction band, 
thereby leaving an electron hole in the valence band, is written 
 0 = !e + h•  (4.7) 
The equilibrium constants of the ionization reaction is  
 Ki = np  (4.8) 
The principle of electroneutrality requires that 
 2vO•• + p = 3 !!!vAl[ ]+ n  (4.9) 
The concentrations of the electrons and holes, fully charged oxygen and aluminum 
vacancies are related through the equation above. 
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4.3. High Oxygen Partial Pressures 
In metal oxides with excess oxygen it is unlikely that there will be a high 
population of oxygen vacancies and so it is assumed that aluminum vacancies 
predominate.  The aluminum vacancies are paired with holes and it is assumed that there 
are more holes than electrons present.  Thus the appropriate form of the electroneutrality 
condition may be 
  p = 3 !!!vAl[ ]! 2 vO
••"# $%,n  (4.10) 
Substituting this into the equilibrium constants relationships between the partial pressure 
of oxygen and the defect concentrations may be obtained. 
Inserting (4.10) into the proper equilibrium equations the concentrations of 
aluminum vacancies and holes are found: 
 KvAl = !!!vAl[ ] p3PO2"3 4 = 33 !!!vAl[ ]
4 PO2
"3 4  (4.11) 
 !!!vAl[ ] = 3"3 4K1 4vAlPO23 16  (4.12) 
 p = 3 !!!vAl[ ] = 31 4K1 4vAlPO23 16  (4.13) 
This shows that the concentrations of the dominating defects (aluminum 
vacancies and holes) increase with increasing oxygen partial pressure (proportional to 
PO2
3 16 ).  Substituting these into the Schottky and ionization equations the concentrations 
of oxygen vacancies and electrons are found: 
 vO••!" #$
3
= KS %%%vAl[ ]&2 = KS 3&3 4K1 4vAlPO23 16{ }
&2
= 33 2KSKvAl&1 2PO2&3 8  (4.14) 
 vO••!" #$ = 31 2KSKvAl%1 6PO2%1 8  (4.15) 
 n = Ki p!1 = 3!1 4KiKvAl!1 4PO2!3 16  (4.16) 
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The minority defects (oxygen vacancies and electrons) decrease with increasing 
oxygen partial pressure.  The overall situation is illustrated schematically as shown in Figure	  4-­‐1 where the concentrations of the four defects are plotted as a function of the 
oxygen partial pressure. 
4.4. Medium Oxygen Partial Pressures 
As the partial pressure of oxygen decreases, the number of aluminum vacancies 
and holes will decrease as the composition of ~ Al2O3 approaches Al2O3.  Since the 
stoichiometric alumina is an insulator, it is more appropriate to suppose that the 
formation of vacancies on the cation and anion sites is more important that the creation of 
electrons and holes.  Thus the appropriate form of the electroneutrality condition may be  
  2vO
•• = 3 !!!vAl[ ]! p,n  (4.17) 
This equation is now substituted into the Schottky equation to obtain the cation 
and anion vacancies 
 !!!vAl[ ] = 3 2( )"3 5 KS1 5  (4.18) 
 vO••!" #$ = 2 3( )
%2 5 KS1 5  (4.19) 
 
Both defects are independent of the oxygen partial pressure, while the 
concentration of electronic defects are given by 
 n = 2 3( )1 5 KS1 10KvO1 2PO2!1 4  (4.20) 
 p = 3 2( )1 5 KS!1 15KvAlPO21 4  (4.21) 
which are found by inserting the concentrations of the vacancies into their equilibrium 
equations.  This result is shown in Figure	  4-­‐1 plotted as region II.  The concentrations of 
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electrons and holes are well below the concentrations of cation and anion vacancies for 
most of this region.  The material will be a stoichiometric insulator containing Schottky 
defects. 
4.5. Low oxygen partial pressures 
At large oxygen deficit anion vacancies may be dominant defects.  Thus the 
appropriate form of the electroneutrality condition may be  
  n = 2 vO
••!" #$! 3 %%%vAl[ ], p  (4.22) 
By inserting this into the appropriate equilibrium, the concentrations of the dominating 
defects are found as 
 n = 2 vO••!" #$ = 21 3KvO1 3PO2%1 6  (4.23) 
And then this is inserted into other equilibriums to find the concentrations of the minority 
defects 
 !!!vAl[ ] = 2KS1 2KvO"1 2PO21 4  (4.24) 
 p = 2!1 3KiKvO!1 3PO21 6  (4.25) 
This result is shown in Figure	  4-­‐1 plotted as region I. 
4.6. The Complete Diagram 
The whole Brouwer diagram for the system, non-stoichiometric Al2O3 with 
varying oxygen partial pressure, is shown in Figure	  4-­‐1.  There are three regions, low (I), 
medium (II) and high (III) oxygen partial pressure.  The electron concentration starts high 
in region I and falls progressively, while the hole starts low and ends high in region III.  
In the region I oxygen vacancies predominate over aluminum vacancies while in the 
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region III the latter predominates over the former. In the region II both vacancies are 
independent of oxygen pressure.  This variation predicts alumina films become metallic 
as the oxygen pressure becomes lower. 
 
Figure 4-1: Schematic presentation of the concentration of aluminum and oxygen vacancies, 
electrons, and holes as a function of oxygen pressure. 
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5. Film Thickness and Roughness 
 In principle, ellipsometry can reveal both optical constants and the thickness of a 
film.  However, in some cases, the correlation between the optical constants and the 
thickness is so high that a final fit may not be unique.  There can be many numerical 
solutions available, and we cannot be sure which one is physically correct.  Thus, when 
possible, it is better to leave the thickness out of unknowns.  Specifically, leaving out 
thickness lowers the correlation and prevents the fitting algorithm from converging to a 
wrong solution with a local mean-squared error (MSE) minimum, which is not the lowest 
attainable value (a true minimum). 
 In order to measure the thickness of a film, we made use of x-ray reflectivity 
(XRR) as a complementary technique to ellipsometry because it measures a film’s 
thickness directly without modeling.  The advantage of this technique is that it can be 
applied to amorphous films (like ours) as well as crystalline because it does not rely on a 
material’s crystallinity.    
 While we could determine thickness from XRR, it was left as an unknown 
parameter during the fitting process of ellipsometry because there is a systematic 
difference in thicknesses obtained by XRR and ellipsometry (Gao, Glenn, & Woollam, 
1998).  The two systems do not see the thickness identically.   Instead, the thickness 
measured by XRR is adopted as an initial guess of thickness in ellipsometry.  This means 
the thickness is still an unknown, but the fittings converge well, and we can tell whether 
the thickness (from the ellipsometry) is physical or not because we know approximately 
what the thickness found by ellipsometry should be. 
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 Of course, the thickness difference between XRR and ellipsometry is minimal as 
long as the model is physically reasonable.  At the end of fitting, the thickness prediction 
by ellipsometry always ends up very close to the measurements obtained by XRR, as it 
should be. 
5.1. Direct Thickness Measurement: Kiessig Fringes 
 Figure 5‑1 shows measured x-ray reflectivity plotted on a logarithmic scale for Cu 
Kα radiation impinging on films deposited at 2 mtorr (working pressure) and 200 W 
(sputtering power).  When the x-ray incidence angle (!) is smaller than a critical angle, 
total reflection (the flat portion of the reflectivity in each plot) happens.  Here all the 
critical angles are around 0.24 degrees.  Note, the figure uses 2! on its x-axis; so the 
critical angles are around 0.48 degrees.   
 For the incidence angle above the critical angle, the reflectivity decays with the 
incidence angle (!) such as  R !! "4  where R represents reflectivity.  The decreasing 
reflectivity at higher angles is mainly due to surface roughness since it shifts specular 
reflection to diffuse scattering; thus, a detector sees fewer x-rays reflected on a rougher 
film.   
 As x-rays start to penetrate, some of x-rays are reflected at the top of the film 
surface.  Some, passing through the film, are reflected at an interface between the film 
and its substrate.  These two reflections lead to interference, which appears as fringes as 
shown in Figure 5-1.  These fringes are often called Kiessig fringes (after Kiessig who 
demonstrated this in 1931) and are related to film thickness by !!=λ/(2×thickness), 
where !! is the angle between fringes and λ is the wavelength of the x-ray (Stoev & 
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Sakurai, 1997).  Thus, we can measure the thickness from the fringes.  Table 5‑1 
summarizes the films’ thicknesses. 
 As can be seen from Figure 5‑1, the fringes diminish as we move from the 7% 
oxygen flow ratio film (dielectric) to the 0% oxygen flow ratio film (metallic).  Metallic 
films tend to be rougher than dielectric films at similar thicknesses.  Here, we can 
perceive the compositional effect on the roughness and fringes. 
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Figure 5-1: Reflectivity for Cu Kα radiation impinging on films deposited at various oxygen flow 
ratios at 2 mtorr (working pressure) and 200 W (sputtering power). 
	   40	  
 
 
Table 5-1: Thickness of films deposited at various oxygen flow ratios at 2 mtorr (working pressure) 
and 200 W (sputtering power).  This measurement is made with x-ray reflectivity. 	  
Oxygen Flow 
Ratio (%) 0 1.5 2 3 4 5 6 7 8 9 
Thickness 
(nm) 64 66 72 85 83 71 63 65 - 85 
 
5.2. Film Density: Critical Angles 
 The XRR can also measure the density of a film. For quantitative results, we need 
a modeling in the x-ray reflectivity.  But, even without it, we can still compare one film’s 
density to another in a relative sense.     
 The critical angle, beyond which the reflectivity drops quickly, is proportional to 
the square root of the density;  !C ! " .  This is illustrated in Figure 5‑2, which is a 
magnified shot of Figure 5‑1 around the critical angles.  The y-axis is now a linear scale 
instead of a logarithmic scale to magnify the change of reflectivity.  In general, as the 
oxygen flow ratio increases from 0% to 7%, the critical angle of a film appears to 
increase.  Thus, we can deduce the density increases with the oxygen flow ratio as 
indicated by the relationship  !C ! " .  This result agrees with the fact that the density of 
amorphous alumina film is higher than the density of amorphous aluminum film, known 
as 3.0 and 2.7 g/cm^-3 (Van Gils et al., 2005; Wefers & Misra, 1987). 
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Figure 5-2: Reflectivity around the critical angles.  Overall, the critical angle increases with the 
oxygen flow ratio.  The shift of the critical angle is related to the change of density. 
 
5.3. Availability of Fringes 
 We showed that fringes were smoothed out as a film became metallic.  Thus, it 
was deduced that metallic films are rougher than dielectric.  Besides this compositional 
effect on the roughness and fringes of films, the thickness is also related to the roughness 
and fringes.  That is, a thicker film tends to be rougher and show fewer fringes. 
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 These trends are very important to us for the following reasons.  First, without the 
fringes, we cannot directly measure the thickness of a film.  When the film is optically 
modeled without the thickness from XRR, the modeling will suffer a high correlation 
problem between the thickness and optical constants.  Second, these trends limit a 
thickness range of films to be deposited.  Since a metal film becomes rougher than a 
dielectric film, it needs to be deposited relatively thinner.  While the dielectric film can 
be deposited thicker, we have deposited them at similar thicknesses for consistency.  In 
the following section, we will provide results regarding how the film thickness is related 
to the film roughness and the fringes.     
 Fundamentally, the film thickness and the fringes are related by the relationship, !!=λ/(2*thickness) which was shown earlier.  As a film becomes thicker, the gap (!!) 
between two fringes becomes smaller.  Eventually, as the gap reaches a resolution limit, 
it is no longer noticeable.  This limit exists around 300 nm (the film thickness), although 
it depends to some extent on the type of sample (de Boer, Leenaers, & van den 
Hoogenhof, 1995).  Note that this diminishing of fringes is not related to the roughness of 
the film but due to the thickness. 
 Figure 5-3 (left) shows XRR reflectivity from films deposited at 2 and 3% oxygen 
flow ratios.  Both films do not show their fringes at all.  By ellipsometry, we estimate 
they are between 200 and 300 nm.  Figure 5-4 (left) shows XRR reflectivity from films 
deposited at the same condition; thus, they are expected to be compositionally similar.  
The difference is that they are deposited for a shorter time and are therefore thinner.   
These films show fringes, from which we can directly measure thicknesses.  The films 
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are 50 and 36 nm, respectively.  Thus, we can observe that thicker films show fewer 
fringes than thinner films.  
However, if the thicker films’ surfaces are rougher than the thinner films, the 
fringes are diminished because the film is not only thicker, but also it is rougher.  We 
speculated that a thicker film tends to be rougher.  To test this theory, we used atomic 
force microscopy (AFM), which detects the surface morphology without being affected 
by a film’s thickness and composition. 
 Figure 5‑3 (right) and 5-4 (right) show the AFM images of an area of 1µm * 1µm 
of the same films, from which RMS surface roughness is calculated.  RMS represents 
root mean square average of height deviations taken from a mean plane, which is the 
average value of surface heights.  Most industrial standards for roughness measurement 
call for a plane fitting or flattening of data before values are calculated (Elings, 1995).  
Here, we applied a second order flattening. 
 For the films showing no fringes, the RMS roughness was found 5.128 and 5.558 
nm respectively (in Figure 5-3).  For the films showing fringes, the RMS roughness is 
2.490 and 2.173 nm respectively (in Figure 5-4).  The 3 significant digits represent the 
sensitivity of the system, and are not necessarily physical.  The film surfaces with higher 
RMS look rougher than the others (with lower RMS), and are bumpy but uniform over 
the surfaces.  Therefore, thicker films are actually rougher.  
 To summarize, as a film becomes thicker, fringes are diminished due to the 
thickening.  Then, the thickening of the film causes the film to be rougher.  Then, the 
rough surface diminishes the fringes.  Thus, the thickness affects the fringes by itself and 
through the rough surface, which caused by the thickness. 
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Figure 5-3: X-ray reflectivity (left) and AFM image (right) of 2% and 3% oxygen flow ratio films 
deposited at 5 mtorr and 300W.  The RMS was calculated from an area of 1µm × 1µm of each film. 
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Figure 5-4: X-ray reflectivity (left) and AFM image (right) of 2% and 3% oxygen flow ratio films 
deposited at 5 mtorr and 300W for a shorter time of period (meaning thinner films) compared to the 
films shown in Figure 5-3 deposited at the same conditions otherwise.  The 2% film is about 36 nm 
and the 3% film is about 50 nm.  The RMS was calculated from an area of 1µm × 1µm of each film. 
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5.4. Surface Roughness Layer 
 In the previous section, we showed how to directly measure film thickness from 
Kiessig fringes.  We showed that the fringes become available when a film surface is 
smooth enough, and the smoothness is dependent on the film’s composition and thickness.   
 The main reason we tried to find out the thickness of a film by XRR is that 
defining thickness can later reduce the correlation between thickness and optical 
constants of the film in its optical modeling by ellipsometry.  Making the optical 
constants as accurate as possible is our final objective. 
   Surface roughness of a film makes it hard for us to find the film’s thickness, thus 
affects the quality of fitting by ellipsometry.  Besides that, the roughness itself can 
adulterate a film’s optical constants.  What we mean by roughness itself can be better 
understood by visualizing a film as a composite of two layers; a thick pure film layer plus 
a thin roughness layer on top of the pure film layer.  Treating a film like this two layer 
structure is quite common in studies of optical modeling.  In the following section, we 
look into the effect of roughness itself on the film’s optical constants.  We will discuss 
how to model the film roughness and why its modeling is important. 
 A typical approach for the roughness layer in ellipsometry is to use effective 
medium theory (Aspnes, Theeten, & Hottier, 1979; Nee, 1988).  Effective medium theory 
works by modeling the roughness layer as a mixture of 50% void and 50% film.  Simply, 
it is an averaging process although the percentages and constituents can be elaborated 
when necessary.  
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 We identify and separate the roughness layer from the pure film because we do 
not want to consider effective optical constants of a whole structure (film + roughness 
layer) as optical constants of the film itself.    
  The degree of optical contamination by the roughness layer actually varies with 
the film’s electric properties (metallic/dielectric).  We can understand this easily in the 
following manner.  The void can be thought of an ideal dielectric; thus, when a film is 
dielectric, the roughness layer, which is modeled as a mixture of void (dielectric) and 
film (dielectric), is not that different from the film.  So, even if we do not separate it from 
the film, the effective optical constants of the whole structure will be similar to the 
optical constants of the film itself.  But, when it comes to a metallic film, the mixture of 
void (dielectric) and film (metal) is quite different from the film.  Thus, without 
separating the roughness layer, we may see the film as a less metallic material than it 
actually is.  We have incorporated this effective medium theory into our optical modeling 
for the roughness layer.  This theory has also been used for modeling the film itself.   
 Note that roughness layer modeling adds an unknown to the overall modeling, 
which is the thickness of the roughness layer.  The thickness of the roughness layer is 
highly correlated to the thickness of the film.  To deal with this problem, we used AFM.  
We showed AFM images and the RMS roughness of some films in this chapter.  A 
benefit of this method is that there is no modeling or fitting involved.  Researchers have 
used this RMS roughness (measured with AFM) as the thickness of the roughness layer 
in ellipsometry, and found the approach worked well (Flueraru et al., 2000; Kojima & Li, 
1999; Sun & Hou, 2004; Yamanaka, Gotoh, & Tanaka, 2003).  We also followed this 
approach.   
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We are aware of that XRR (x-ray reflectivity) can provide information on the 
film’s surface roughness besides the film thickness.  It works by creating a model of the 
sample, which may include the film’s thickness, density, and roughness as well as the 
substrate’s.  Based on approximate inputs, the reflectivity is calculated and compared 
with the measurement.  This process is repeated until the calculated and measured 
reflectivity are close enough (de Boer, Leenaers, & van den Hoogenhof, 1995).  It means 
XRR needs modeling for the roughness while it does not need for the thickness, which is 
measured directly.  The underlying reason why we did not use XRR for the film 
roughness is that we keep all the approximating and/or modeling processes to the 
ellipsometry, but benefit from XRR and AFM for the direct measurement of film 
thickness and roughness in order to facilitate the ellipsometry. 
 To summarize this chapter, we have applied the direct thickness measurement by 
XRR for an accurate optical modeling.  A limiting factor in the XRR is the rough surface, 
which occurs more frequently as a film becomes more metallic and thicker.   We find ~70 
nm is a good choice of thickness for smooth surfaces of all films.  The inevitable 
roughness has been modeled by effective medium theory.  But, the roughness layer 
modeling adds an unknown, the thickness of the layer.  Thus, we used AFM to measure 
the RMS of the film roughness.  This RMS of the film roughness was considered as the 
thickness of the roughness layer in the ellipsometry modelings. 
	   48	  
6. Film Transmissivity 
In this chapter, we will show the transmissivity of films, which is complementary 
data to the optical modeling of the films by ellipsometry.  Other complementary data are 
the thickness and roughness measured by XRR and AFM, as shown in Chapter 5. 
The transmissivity is complementary because it helps to identify inhomogeneity 
within a film.  Here, inhomogeneity means a film is not homogeneous along its thickness.   
This inhomogeneity is what an ellipsometer cannot observe well.   For example, when a 
film is optically thin, the ellipsometer may observe the inhomogeneity existing within the 
film.  But, when a film is optically thick, the ellipsometer detects only reflected light 
from the top surface of the film.  An ellipsometer’s light, interacting inside the film, will 
be absorbed, thus not detected.  However, the source light from a spectrophotometer, 
which we used for the transmission measurement, does interact with all films (optically 
thick/thin) and reach its detector.  Thus, it can deliver information about the 
inhomogeneity within a film, if any.   
Note that inhomogeneity is negligible when a film becomes stoichiometric, either 
alumina or aluminum.  Inhomogeneity occurs when the film chemically deviates from the 
stoichiometric films and becomes off-stoichiometric.  We will discuss how we modeled 
the inhomogeneity in off-stoichiometric films in Chapter 12, “Off-Stoichiometric Films.” 
Before we show the results, we would like to explain the deposition condition.  In 
the time of my preliminary exam, it was suggested that we might lower the working 
pressure, which was originally 5 mtorr.  This was suggested because of rough surfaces of 
films deposited at 5 mtorr.  We observed that the new pressure (2 mtorr) improved the 
quality of the surface (Lehan, 1992).  But, this new pressure causes the arcing problem 
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(Berg & Nyberg, 2005; Sproul, Christie, & Carter, 2005).  We found that lowering 
sputtering power to 200 W from 300 W suppressed the problem.  In Chapter 5, we 
mentioned that the roughness layer was modeled by effective medium theory, which 
theoretically accounted for the effect of roughness.  But, it is always better to have 
smoother films in the first place. 
Figure 6-1 shows the transmissivity of the 2 mtorr films (from oxide to metal 
films) deposited on microscope glass substrates.  The transmissivity was measured with a 
Cary 5G spectrophotometer in the wavelength range between 240 and 1700 nm.   
In this figure, the data are categorized into three groups: oxide, metal, and off-
stoichiometric films.  The transmissivity of a bare glass substrate is added to illustrate the 
net change caused by a film itself.  The thickness of films is around 70 nm.  The 
similarity of thicknesses enables us to compare the transmissivities and estimate the 
relative absorption levels easily.  Refer to Table 5-1 in Chapter 5 for the details of the 
thicknesses. 
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Figure 6-1: Transmissivity of films deposited at 2 mtorr (working pressure) and 200 W (sputtering 
power).  There are three groups: oxide, metal, off-stoichiometric films. 
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Figure 6-1: The oxide films were deposited with 5, 6, 7, and 9% oxygen flow 
ratios; 8% film was not successful in its deposition.  There is little difference among these 
films’ transmissivities.  Compared with the transmissivity of a bare glass, the difference 
is about 3% (at max) in the near ultraviolet and visible wavelength ranges.   
Regarding the 3% difference in transmissivity, we cannot exclude the possibility 
that the loss might have occurred due to reflections at the film surface.  But we believe 
the transmissivity gap is mainly caused by absorption or scattering within the films.  This 
extinction  (absorption + scattering) indicates impurities and defects in the films.  
We will show how these films are optically modeled in the chapter 9, “Oxide 
Films.”  Then, we will compare their optical constants with reference data and interpret 
the differences. 
Figure 6-2 shows the transmissivities of metal films, which are too low to be seen 
in Figure 6-1, where the transmissivities of alumina films are so high.  In Figure 6-2, 
there are two plots: one labeled as “0%” and the other as “1.5%.”  These numbers 
represent the oxygen flow ratios injected during the deposition of corresponding films.  
Thus, “0%” means no oxygen is injected during the deposition.  However, there are 
always residual oxygen atoms in the chamber as mentioned in the chapter 2, “Film 
Deposition.”  Thus, the transmissivity is not zero, which we might expect from an ideal 
aluminum metal even at the thickness of 70 nm. 
The 1.5% film shows a similar spectrum to the 0% film.  There are two 
differences between these films.  First, the magnitude of transmissivity of the 1.5% is 
about 2 times higher overall.  Second, the near ultraviolet peak of the 1.5% is shifted a bit 
to the visible range.  Because the thicknesses of the two films are almost the same (64 
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and 66 nm), it is certain that the 1.5% film absorbs less light due to the oxygen injected 
during its deposition. 
In the current context, we grouped the 0% and 1.5% film as metal films simply 
because of the similarity of transmissivities between the two.  But later, we will argue 
that the 1.5% film is quite different from a typical metal aluminum film, and it needs to 
be considered as an off-stoichiometric film. 
We will show the optical modeling of the 0% and 1.5% films and compare their 
optical constants with reference data in the corresponding chapters: Chapter 10 “Metal 
Films” and Chapter 12 “Off-Stoichiometric Films.”  We will explain how the residual 
and injected oxygen atoms are manifested in the interband and intraband absorption of 
aluminum metal (Smith, Shiles, & Inokuti, 1985). 
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Figure 6-2: Transmissivity of “Metal Films” deposited at 2 mtorr (working pressure) and 200 W 
(sputtering power) with the 0% and 1.5% oxygen flow ratios. 
 
The scale of transmissivities of off-stoichiometric films is between the oxides’ 
and the metals’.  Each of the off-stoichiometric films was deposited at 2, 3, and 4% 
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oxygen flow ratios, respectively.  The transmissivity of the 2% film is almost identical to 
the 3% film.  But, because the former is thinner than the latter (72 nm and 85 nm, see 
Table 5-1), the 2% must be absorbing more light.   
The 4% film shows about 3 times higher transmissivity than the others films, but 
its thickness is similar (83 nm).  Thus, its absorption level is considerably lower.  This 
resembles the composition figure (Figure 2-1), which shows the stoichiometry of films vs. 
the oxygen flow ratio.  In this figure, the 4% oxygen flow ratio is illustrated as a 
threshold level, above which films appears as oxides.  We will discuss these off-
stoichiometric film’s optical constants and modeling in detail in the chapter 12, “Off-
Stoichiometric Films.”   
To summarize, we have shown transmissivities of films deposited at 2 mtorr and 
200 W.  The data are used for optical modeling of films together with ellipsometry data.  
Transmissivity is crucial to the modeling of off-stoichiometric films because of 
inhomogeneity inside the films. 
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7. Ellipsometry Basics 
The actual quantity measured by a rotating analyzer ellipsometer is the time 
dependent beam intensity at a detector, which is proportional to the magnitude of an 
electric field of the beam at the detector squared: 
 ID ! ED
2  (7.1) 
By multiplying an electric field of an input beam by Jones matrices (Assam & 
Bashara, 1987), appropriate for each element in an optical system as shown in Figure	  7-­‐1, 
the electric field at the detector can be expressed as follows:  
ED = [Analyzer matrix][Sample matrix][Polarizer matrix][Input beam] 
E
E
s-­‐plane
s-­‐plane
p-­‐plane
p-­‐plane
1.	  Input	  beam	  :	  unpolarized
light	  source
2.	  Polarizer	  :	  linearly	  
polarized	  light
3.	  Sample	  
4.	  Rotating	  Analyzer
5.	  Detector	  :	  converts	  
light	  to	  voltage
Elliptically	  polarized
0ϕ
 
Figure 7-1: Schematics of a rotating analyzer ellipsometer. 
 
This electric field ED is a function of  
!RP !RS  (complex Fresnel reflection 
coefficients for the p- and s- directions) of a sample.  The p- direction is defined as lying 
in the plane of incidence, defined as the plane containing the incident and reflected beams 
and the vector normal to the sample surface.  The s- direction lies perpendicular to the p- 
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direction such that the p- direction, s- direction, and the direction of propagation define a 
right-handed Cartesian coordinate system.   
The complex Fresnel reflection coefficient is also called the complex 
ellipsometric parameter  !( )  representing the total information we can obtain from the 
sample.  The ellipsometric parameter is commonly expressed in terms of the two real-
valued ellipsometric parameters ! and ! as follows: 
  ! =
!RP !RS " tan# exp i$( )  (7.2) 
such that tan ! equals the magnitude of the ratio of the p- to s- direction complex 
reflection coefficients, and ! is the phase difference between the p- and s- reflection 
coefficients.  In other words, if we measure the intensity at the detector (ID), we can 
obtain ! and ! of the sample.  This is the experimental part of ellipsometry.   
 The remaining work is to derive the structure and optical properties of the sample 
from ! and !.  This is done by first estimating the sample’s structure and optical 
properties, then calculating ! and ! from the guess data: this guessing and calculating 
are repeated until the calculated ! and ! are very close to the experimental ! and !, and 
thus the guessed (structure and optical properties of the sample) can be validated.  This is 
the analytical parts of ellipsometry.  The whole ellipsometry procedure may be divided 
into four steps as illustrated in Figure	  7-­‐2.   
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Figure 7-2: Basic procedure used in ellipsometry to determine structural and optical properties. 
 
In the case of bulk samples, such as bare substrates, with no coatings or 
overlayers, the p- to s- direction Fresnel reflection coefficients are  
 
 
!RP !
!EPreflected
!EPincident
=
!n1 cos"0 # !n0 cos !"1
!n1 cos"0 + !n0 cos !"1
 (7.3) 
 
 
!RS !
!ESreflected
!ESincident
=
!n0 cos"0 # !n1 cos !"1
!n0 cos"0 + !n1 cos !"1
 (7.4) 
where !0  is the angle of incidence of the incident beam measured between the incident 
beam and the sample normal, and  !!1  is the angle of propagation of the transmitted beam 
in the sample, measured between the propagating beam and the axis of the sample 
normal.   !n0  and  !n1  are complex refractive indices of ambient mediums and substrates 
respectively as shown in Figure 7-3 (left). 
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Figure 7-3: A bulk substrate (left) and a single film on a bulk substrate (right). 
 
In the case of single films on bulk substrates, the multiple reflections of the 
incident beam occur as shown in Figure	  7-­‐3 (right).  There are, in principle, an infinite 
number of reflected and transmitted beams; however, the splitting of the beam into 
reflected and transmitted components at each reflection quickly reduces the amplitude of 
the subsequent reflections.  Also, any absorption in the film would attenuate the beams as 
they propagate.  The total reflected beam can be found by summing up the reflected 
beams and appears as follow: 
 
 
!Etotal _ reflected = !r01 + !r12e
! i2"
1+ !r01!r12e! i2"
#
$%
&
'(
i !Eincident  (7.5) 
where  !r01  denotes the complex Fresnel reflection coefficient for a beam incident upon the 
film (region ‘1’) from the ambient medium (region ‘0’), and is same as Equation (7.3) or 
(7.4) of bulk samples.  The ! represents absorption by the film.  The ratio of reflected to 
incident waves is given by Equation (7.5) and can be thought of as a “pseudo” Fresnel 
reflection coefficient.  We may now calculate Ψ and Δ of single films by Equation (7.2). 
For multilayered structures, it is possible to evaluate the pseudo-reflection 
coefficients by summing multiple reflections from the multilayered samples, but the 
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difficulty of this calculation increases dramatically with increasing number of layers.  
Instead, characteristic matrices to describe the individual layers and the substrate are 
multiplied in order through the stack to relate the electric field at the top of the film to 
those at the bottom.  These formalisms are not computationally intensive and are adopted 
by the WVASE32 (Woollam, 2002). 
A successful modeling in ellipsometry will reveal accurate optical constants and 
structure of a film.  We will discuss them in the following order; oxide films (in Chapter 
9), metal films (in Chapter 10), and off-stoichiometric films (in Chapter 11 and 12).  
Before we move on, we would like to illustrate our whole experimental process.  
Figure 7-4 (on left) shows a conceptual representation of a film deposited on a 
microscope glass.  This common structure indicates that besides the film itself, there are 
native oxide layers between the film and the substrate as well as on top of the film.  There 
is also the inevitable surface roughness layer.   
We measured the thickness of a film and its roughness by XRR and AFM.  We 
also measured the composition of the film by XPS.  Then, we did optical measurements; 
spectrophotometry and ellipsometry.  Figure 7-4 (on right) shows a resultant optical 
model of a sample.   Note this is a simplistic model, which works only for homogeneous 
films such as alumina and aluminum.  As a film’s composition differs from homogeneous 
films, this model needs to integrate off-stoichiometry and inhomogeneity. 
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Figure 7-4: A physical representation of a sample (left) and a corresponding optical modeling (right). 
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8. Microscope Glass Substrate 
In this chapter, we discuss modeling of a microscope glass, which is used as a 
substrate in this study, before a film is deposited on it.  Because this glass is not an 
optical quality glass such as a quartz glass (SiO2), we cannot use the well-known optical 
constants of SiO2 for the glass substrate.  Instead, we do optical measurements on the 
glass substrate to find out its optical constants and identify any optical absorption, which 
may occur because of other chemical elements in the glass substrate. 
8.1. VASE Modeling 
A bare microscope glass substrate is modeled as the Cauchy layer.  This modeling 
works for materials where the index of refraction (n) varies slowly with a wavelength (!) 
and the extinction coefficient (k) varies exponentially.  Many dielectrics (thus, including 
our glass substrate) and semiconductors show these variations over part of a wavelength 
rage.  Equation 8-1 shows the mathematical expression of the Cauchy modeling.  There 
are three parameters for the index of refraction: A, B, and C.  There are three additional 
parameters for the extinction coefficient: the extinction coefficient amplitude !, the 
exponent factor !, and the band edge !.  The extinction coefficient (k) modeling itself is 
often called Urbach absorption.  
 
n !( ) = A + B
! 2
+ C
! 4
k !( ) ="e
# 12400 1
!
$ 1
%
&
'(
)
*+
&
'(
)
*+
 (8.1) 
These parameters are fitted to the experimental data (ellipsometric data and 
transmissivity of the glass), and the fitting result is summarized in Table 8-1.  Note that 
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the parameter C is zero.  We find modeling the index of refraction with only two 
parameters (A and B) works well.  Thus the parameter C is dropped out of the fitting. 
 Figure 8-1 shows generated data (from the model), and experimental 
ellipsometric data (! and !), and transmissivity.   The range of wavelength (on the x-
axis) is from 300 to 1700 nm.  At each wavelength, ! and ! are measured at multiple 
angles of incidence such as 50, 60 and 70 degrees.  The transmissivity is measured at 
normal incidence.  As can be seen in the figure, this model produces a good fit.  In this 
figure, there is another transmissivity line called “Direct fit for k,” which is discussed in 
the following section. 
Table 8-1: Cauchy and Urbach absorption parameters for a microscope glass substrate. 
 
A B C !  !  !  
1.5016 0.0054447 0 8.3678e-8 5.2458 400 
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Figure 8-1: Fit to the ellipsometric data (psi and delta) and transmissivity of a bare microscope glass 
substrate.  Cauchy + Urbach absorption was used for the modeling.  The transmissivity graph 
includes the Direct fit for the extinction coefficient as well as the Urbach absorption tail. 
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8.2. Absorption in a Bare Glass 
Figure 8-2 shows two sets of optical constants of the bare glass.  One is from 
modeling the glass with the Cauchy + Urbach absorption as mentioned before, and the 
other is from modeling the glass with the Cauchy + Direct fit instead of the Urbach 
absorption.   
We can see the index of refractions (n) from the two methods are almost identical.  
But, the extinction coefficient (k) by the Direct fit is higher by six orders of magnitude in 
a wavelength range above the 400 nm while it is still quite low (~10^-6) except in the 
near UV range. 
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Figure 8-2: Optical constants of a bare microscope glass found from dispersion equations (Cauchy + 
Urbach absorption) and a direct fit (Cauchy + Direct fit). 
 
According to Kramers-Kronig relations, the continuous decrease of n requires k to 
behave like the Urbach absorption, whose variation is monotonic.  This does not mean 
the second modeling with the Direct fit is wrong.  As we can see in Figure 8-1, both 
models make good fits to the experimental data.  The Direct fit actually works better in 
terms of transmissivity.  We believe the extinction coefficient (k) has to have an influence 
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on the index of refraction (n) by the Kramers-Kronig relations, but the effect should be 
low due to the low scale of k.  Therefore, the influence on n is not noticeable in the 
current Cauchy modeling of the index of refraction (n). 
In this work, we choose “Cauchy + Direct fit” over the “Cauchy + Urbach” for 
the bare glass modeling.  The main reason is that the transmissivity predicted by the 
“Cauchy + Urbach” model is a bit poor as it predicts a bit lower (see Figure 8-1).  If we 
do not account for the difference in transmissivity, the absorption gap will be left to a 
film to be deposited later on.  In other words, the film’s absorption level may be 
overestimated. 
Another reason we choose “Cauchy + Direct fit” over the “Cauchy + Urbach” is 
because according to the glass manufacturer’s report, the glass is a composite of 8 kinds 
of major materials (Silicon Dioxide 72.20%, Sodium Oxide 14.30%, Calcium Oxide 
6.40%, Magnesium Oxide 4.30%, Aluminum Oxide 1.20%, Potassium Oxide 1.20%, 
Sulfur Trioxide 0.03%, Iron Oxide 0.03%).  Considering all these mixed elements, it is 
physically sound to assume a higher level of absorption than what the Urbach absorption 
may represent. 
Direct fit yields an exact match for the experimental data as it allows optical 
constants to vary at each wavelength.  This is often called a point-by-point fit.  A problem 
with this method is that it will contain any noise intrinsic to the experimental data.  To 
avoid this issue, we fit the experimental data with the Urbach absorption first, which is 
then used as an initial guess for a following direct fit.  This reduces noise significantly.  
After the direct fit is applied, interpolation is followed to suppress any abnormal noise.  
This direct fit and subsequent interpolation are repeated until a satisfactory fit is obtained. 
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8.3. Backside Reflection - Incoherence 
Another factor we have accounted for in modeling a bare glass substrate is the 
incoherence effect.  Because the microscope glass substrate is transparent and thick (~1 
mm), light passing through the glass and then reflected at the bottom of the glass loses 
coherence with a light reflected from the top surface of the glass.  Ellipsometry does not 
distinguish between the two incoherent lights and simply coverts the measured signal at a 
detector into psi (!) and delta (!). 
Thus, we used a modeling capacity in WVASE32 (Woollam, 2002) called “Eb - 
Ellipsometry, backside corrected reflection mode.”  This allows us to collect 
ellipsometric data without roughening the backside of the glass, which is often used to 
suppress the backside reflection.   
In our data shown in Figure 8-1, this backside reflection can be perceived from 
the jump in the psi (!) spectra at ~ 330 nm at 70 deg (angle of incidence).  It indicates 
the glass is non-absorbing for wavelengths greater than ~ 330 nm thus allowing the 
backside reflection to reach a detector.  
The backside reflection also appears in the delta (!).  For a transparent bulk 
sample, delta should be either 0 or 180 deg, because a light beam entering a detector will 
always be linearly polarized.  However, when the back surface reflection is collected, two 
(or more) beams entering the detector will exhibit different linear polarizations.  
Therefore, the delta (!) value measured by an ellipsometer is a bit off from either 0 or 
180 deg (see Figure 8‑1).  Note that to some extent this is also triggered by the roughness 
of glass as well. 
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In a final model (Cauchy + Direct fit for k) of the bare glass, we added a surface 
roughness layer modeled with an EMA (50% glass + 50% void), which appears 3.8 nm, 
and the number of backside reflections collected was 2.3.  When the Urbach absorption 
tail was adopted, the roughness layer was 2.9 nm, and the number of backside reflections 
was 2.8, which is believed to be due to the lower extinction coefficients as mentioned 
earlier.  These two models are illustrated in following two tables. 
Table 8-2: Illustration of the optical modeling of a bare microscope glass with Cauchy + Direct 
absorption fit.  The top is a surface roughness layer, the middle is a bare microscope glass itself, and 
the bottom shows how many lights reflected from the backside of the glass are collected to a detector. 
 
1  Surface roughness layer 3.759 nm 
0  Bare glass after smoothing 1 mm 
Number of backside reflections:  2.3 
 
Table 8-3: Illustration of the optical modeling of a bare microscope glass with Cauchy + Urbach 
absorption tail.  The top is a surface roughness layer, the middle is a bare microscope glass itself, and 
the bottom shows how many lights reflected from the backside of the glass are collected to a detector. 
 
1  Surface roughness layer 2.917 nm 
0  Bare glass by Cauchy 1 mm 
Number of backside reflections:  2.8 
 
To summarize, we showed how a bare glass substrate was modeled, then 
discussed its absorption in some detail.  We also explained two experimental techniques: 
how “Direct fit” was performed and “incoherence” was handled. 
As a final note, modeling the glass substrate might be viewed in a somewhat 
different perspective.  In ellipsometry, performing substrate modeling prior to depositing 
a film on a glass is useful because it decouples the substrate’s optical constants from the 
film’s.  Thus, the substrate’s fitting parameters (in our case, the six parameters mentioned 
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earlier) are excluded from all fitting parameters required for a “whole” sample modeling, 
which includes a substrate, a film interested, and any other features such as roughness, 
native oxide, inhomogeneity, mixing, etc.  Researchers are usually not interested in the 
substrate.  By defining and isolating the substrate, we can be more accurate in defining 
the film, which is our primary goal. 
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9.  Oxide Films 
In this chapter, we will discuss how alumina films are modeled with dispersion 
relations and compare the optical constants of these films with reference data on bulk 
alumina.  We will introduce the concept of band-gap energy and extrinsic defect to 
interpret differences between the thin films and bulks.  
9.1. Ellipsometry with Alumina Films: Low Reflection 
Dielectric films like alumina are very poor at reflecting lights.  Alumina films on 
glass substrates do not reflect much light since the glass substrate is also a poor reflector.  
This causes an issue in ellipsometry because the reflection intensity is low and the signal 
to noise ratio decreases causing noisy data measurements.  We can increase the signal to 
noise ratio by increasing the number of measurements at each wavelength. But, this 
dramatically increases the cost of ellipsometry measurements.  
In contrast to the glass substrate, a silicon substrate is very reflective at a wide 
range of spectra; therefore, the signal to noise ratio is high.  Thus, alumina films 
deposited on the silicon substrate do not need a high number of measurements at each 
wavelength and are more cost-effective.  Besides, the optical constants of silicon are well 
known; we do not need to model the silicon substrate as we did for the glass substrate.  
The silicon substrate is also easier to work with XPS and XRR.   
Nevertheless, we deposited the alumina films on microscope glass substrates as 
well because the glass substrate allows for transmissivity measurements while the silicon 
does not.  The transmissivity measurements allow us identify any absorption in the 
alumina films.   
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In the end, the alumina films were deposited on both the glass substrate and the 
silicon substrate.  Deposition happened with 9% oxygen flow ratio at 200 W (sputtering 
power) and 2 mtorr (working pressure).  It was assumed that the two alumina films 
deposited on the two substrates were identical.  Thus, we have two samples: one is made 
of the alumina film and the glass substrate, and the other is made of the alumina film and 
the silicon substrate. 
9.2. Sellmeier Dispersion 
A Sellmeier dispersion was used to determine optical constants of alumina films.  
In the Sellmeier dispersion theory, a material is treated as a collection of atoms whose 
negative electron clouds are displaced from the positive nucleus by the oscillating electric 
fields of a light beam (DeFranzo & Pazol, 1993; Tatian, 1984).  This theory assumes that 
the atomic dipoles have no absorption, so the Sellmeier dispersion is essentially the same 
as the Lorentz oscillator with a zero broadening. 
Figure 9‑1 shows experimental data and ellipsometry data (! and !) and 
transmissivity generated from a model for an alumina film deposited on a microscope 
glass.  For the experimental data, ! and ! were measured at each photon energy between 
0.73 – 5.16 eV and at multiple angles of incidence such as 58, 59, and 60 degrees.  
Transmissivity was measured with a spectrophotometer.   
The generated data were calculated based on a model consisting of a glass 
substrate and an alumina film.  The glass modeling was explained in Chapter 8.  The 
alumina film was simulated with a Sellmeier dispersion.  This optical model produces a 
good fit to the ellipsometry data and transmissivity over the whole range of photon 
energy.  But, the model appears a bit poor in ! near UV and IR. 
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Figure 9-1: Fit to the ellipsometric data and transmissivity for an alumina film deposited on a 
microscope glass substrate. 
  
 Figure 9‑2 shows the generated and experimental ellipsometric data from an 
identical film shown in Figure 9-1.  The difference is that the substrate is now a silicon 
instead of a glass.  Both films were deposited simultaneously, and it was assumed there 
was no substrate effect.  Therefore, the same Sellmeier dispersion model for the film (on 
the glass) was put on the top of the silicon substrate, whose optical constants are already 
known (thus, silicon substrate needs no modeling).  This model also produces a good fit 
over the whole range of photon energy. 
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Figure 9-2: Fit to the psi and delta for an alumina film deposited on a silicon substrate.   We assumed 
that both films deposited on a glass and a silicon substrate are identical. 
 
The fact that we have more data (two sets of ellipsometric data: one from the 
sample with a glass substrate and the other from the sample with silicon substrate) results 
in lower correlations between fitting parameters for the alumina film in ellipsometry.  
Thus, we can expect more reliable optical constants from the modeling. 
9.3. Results of Optical Modeling 
Figure 9-3 shows the index of refraction found from the modeling of the alumina 
films deposited with 5, 6, 7, and 9% oxygen flow ratios.  All films were modeled with the 
Sellmeier dispersion, and their indices of refraction appear quite similar to each other 
over the photon energy range.  Thus, we think the sputter target (Al metal) starts to 
oxidize around 5%.  The oxidation on the target surface limits the composition of a film 
to be deposited on a substrate.  The target oxidation is often called target poisoning . 
In the same figure, we plotted a reference data: the index of refraction of bulk 
alumina films (Jeppesen, 1958; I. H. Malitson, 1962; I. H. Malitson, Murphy, & Rodney, 
1958).  The indices of refraction of our alumina thin films are lower than the reference 
data by about 10%.  This gap is reasonable because thin films are expected to have lower 
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packing density or higher porosity than bulk materials.  Reactive sputtering deposition 
are not exceptions to the lower packing density (Danson, Safi, Hall, & Howson, 1998; 
Meng, Andritschky, & Santos, 1993). 
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Figure 9-3: Index of refraction of alumina films deposited with 5, 6, 7, and 9% oxygen flow ratios at 2 
mtorr (working pressure) and 200 W (sputtering power).  For comparison, a reference data is plotted 
together, which is a compilation of references (Jeppesen, 1958; Malitson, 1962; Malitson, Murphy, & 
Rodney, 1958). 
 
The optical constants shown above are only meaningful in our experimental range, 
from 0.73 eV to 5.16 eV.  But, we could get more meaning out of the optical constants by 
examining the Sellmeier dispersion equations used for the modeling.  The previous four 
films deposited with 9, 7, 6, and 5% oxygen flow ratios show that their resonance 
energies are located at 8.7, 7.9, 7.2, and 7.0 eV respectively (Table 9-1).  These numbers 
are close to the band gap energy of bulk alumina (~8.7 eV).  We suppose that the 
resonance energies are correlated with the band gap energy of bulk alumina.  This 
hypothesis can be checked by the following reasoning. 
Theoretically the Sellmeier dispersion has no broadening term, and the equation is 
purely real (i.e., e2 and k are zero); thus, it approaches +/- ∞ as wavelength approaches 
	   71	  
the resonance energy from the long or short wavelength sides.  Thus, the Sellmeier 
dispersion model cannot be valid in spectral ranges close to the resonant wavelength.  
However, the gradient of index of refraction (which appears in our experiment range) is 
physically correlated to the absorption (which is not necessarily visible in our experiment 
range) by the Kramers-Kronig relations (Shiles, Sasaki, Inokuti, & Smith, 1980).  When 
there is absorption by the band gap energy, its effect shows up in the index of refraction.  
Thus, we can trace back to the source of dispersion of index of refraction.  This can be 
done by modeling the dispersion with oscillators such as the Sellmeier, which controls 
the dispersion of the index of refraction with a resonance peak.  We believe the resonance 
peak’s energy, in the case of alumina films, can approximate the band gap energy. 
In terms of predicting the band gap energy, the Lorentz oscillator might be a 
better choice because it is primarily useful for describing the resonant absorption peak 
(Woollam, 2002).  Table 9‑1 summarizes the resonance energy predicted by the Sellmeier 
as well as the Lorentz oscillators and the corresponding mean-squared errors (MSE) from 
the fitting process with the oscillators. 
Table 9-1: Band gap prediction by the Sellmeier and Lorentz oscillator for oxide films deposited with 
5, 6, 7, and 9% oxygen flow ratios at 2 mtorr (working pressure) and 200 W (sputtering power). 	  
Sample Oxygen 
Flow Ratio (%) 
Sellmeier 
(eV) 
Lorentz 
(eV) 
Sellmeier 
MSE 
Lorentz 
MSE 
9 8.7273 8.848 4.859 4.692 
7 7.8737 7.7438 5.619 5.617 
6 7.1817 7.789 5.656 5.612 
5 7.0012 6.8405 8.286 8.207 
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From the modeling, we find a similar trend in both oscillators (Sellmeier and 
Lorentz): as the oxygen flow ratio decreases, the resonance energy of the corresponding 
film also decreases.  It is known that, in band theory, defects introduce a new level in 
middle of a band gap, thus decrease the band gap energy (Ealet, Elyakhloufi, Gillet, & 
Ricci, 1994).  For example, a very thin alumina film, less than 10 nm, shows that its band 
gap has been decreased to ~2 eV, and the alumina film cannot be considered as an 
insulator (Costina & Franchy, 2001).  We believe that the smaller oxygen flows induced 
more defects, which situate themselves below the band gap and eventually lower the band 
gap.  In fact, this reasoning agrees with the point defect calculation by the Brouwer 
approach (Chapter 4) where oxygen vacancies (defects) increase with a decreasing 
oxygen partial pressure.  The explanation also agrees with the XRR result (Chapter 5) 
where a film’s density decreases with a decreasing oxygen flow ratio. 
MSEs by the Sellmeier and Lorentz oscillators are quite similar to each other 
while the Lorentz oscillators show a bit lower MSE for all films.  We will discuss the 
optical constants found from the modeling and compare them with reference data in the 
following section. 
Gervais (1991) reviewed the optical properties of aluminum oxide.  Most 
measurements compiled in his work had been performed on evaporated amorphous 
Al2O3.  Tropf and Thomas (1998) extended the compilation by providing additional 
information related to anisotropic optical constants of single crystal Al2O3.  Figure 9‑4 
shows the index of refraction and the extinction coefficient from the compilation.  The 
absorption in the alumina appears to be well categorized into three regions: UV, IR, and 
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Transparent.   In the figure, the three groups are labeled in red and the various absorption 
phenomena are labeled in blue. 
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Figure 9-4: Log-log plot of the index of refraction and the extinction coefficient versus wavelength in 
micrometers for aluminum oxide.  Lines are data sets of many points; scattered data are indicated by 
circles.  Red labels represent three wavelength regions (UV, Transparent, IR).  Blue labels represent 
absorption phenomena.  This figure is from Tropf & Thomas (1998). 
 
In the UV range, alumina shows the interband absorption at 8.8 eV.  This 
excitonic absorption continues up to the absorption peaks at 9 and 13 eV, indicating 
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interband transitions between the upper valence band of oxygen to the conduction band 
of triply ionized aluminum (3s + 3p states).  At higher energies, a plasma oscillation 
shows up near 25 eV, transitions from oxygen (2s) to aluminum (3p states) occur in the 
33 to 45 eV region, and photoabsorption by the inner core electrons begins at even higher 
energy (Tropf & Thomas, 1998). 
At the infrared edge of transparency, the absorption occurs because of intrinsic 
multi-phonon difference bands.  This absorption falls exponentially with increasing 
energy (Deutsch, 1973; Harrington, Gregory, & Otto, 1976).  In the infrared range, the 
absorption is due to the fundamental lattice vibrations (Gervais & Piriou, 1976).  A 
classical oscillator model for the infrared optical constants has been modeled by Barker 
(1963) and refined by Harman et al. (1994) based on Barker’s reflectance data.  In the far 
infrared, below 300 cm!1 , absorption arises from multi-phonon difference bands and it 
decreases as frequency decreases (Loewenstein, D. R. Smith, & Morgan, 1973; Perkowitz, 
1985; Russell & Bell, 1967). 
At energy lower than the direct band gap of 8.8 eV, the absorption becomes 
significantly lower, and this energy range is often called the “transparent region.”   Our 
optical experiment is conducted in this range.  In the following, we will limit our 
attention to this range and compare our alumina film’s absorption coefficient and index 
of refraction with reference data. 
9.4. Transparent Region: Absorption Coefficient 
The optical absorption in the so-called “transparent” region is literally negligible 
compared to the absorption in the UV and IR regions.  Studies performed on the 
transparent region identified that absorption is due to trace impurities and defects (Evans, 
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1991; Innocenzi et al., 1990; Tomiki et al., 1993).  Innocenzi et al. (1990) have grown 
several aluminum-oxide crystals using the Czochralski method, analyzed them, and found 
that the absorption coefficient between 0.9 and 8.5 eV might be represented by a “weak-
absorption-tail” model of the form 
 ! = 10"4.5cm"1 #10 E 1.7eV( )  (9.1) 
where ! is the absorption coefficient in , and E is the photon energy in eV. 
Evans (1991) did similar work and his samples were mostly commercially 
available un-doped single crystalline alumina which were not the “super high purity” 
alumina made by Innocenzi et al. (1990).  Evans pointed out there are color centers (F 
and F+ bands near 6.0 and 4.8 eV), which are associated with two and one electron 
trapped at oxygen vacancies (Evans & Stapelbroek, 1978; Lee & Crawford, 1979).  These 
oxygen vacancies were thought to be introduced during both crystal growth and 
annealing process and related to the growth environment where oxygen was sufficiently 
reduced (Aggarwal et al., 1988; Draeger & Summers, 1979; Lee & Crawford, 1979).  It 
was concluded that the total absorption consists of extrinsic absorptions such as trace 
impurities, and F and F+ bands as well as a background loss attributed to Rayleigh 
scattering.   
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Figure 9-5: Absorption coefficient vs. photon energy of un-doped crystalline Al2O3 grown using 
three different methods (labeled as a,b,c).  There are two sources of extrinsic absorptions: impurity 
and oxygen vacancy.  This figure is from Evans (1991). 
 
The ellipsometric data obtained from a film with a 9% oxygen flow ratio have 
been fitted with a single Lorentz oscillator to mimic an absorption peak located in the UV 
whose tail encroaching on the VIS region.  Figure 9‑6 shows the absorption coefficient of 
the Lorentz oscillator as well as the “weak absorption tail” model by Innocenzi et al 
(1990).  This figure illustrates that the 9% film absorption is two or three orders of 
magnitude higher than the model by Innocenzi et al (1990).  The latter is from one of the 
purest single crystalline bulk alumina, so that we don’t expect a similar order of 
absorption.  Samples from Evans (1991) might be in between; these are also single 
crystalline alumina, but contain more extrinsic defects/impurities. 
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Figure 9-6: Absorption coefficient from the 9% alumina thin film and a single alpha crystalline bulk 
alumina.  The latter is from Innocenzi et al. (1990). 
 
We believe the higher level of extrinsic defects in the 9% film is due to oxygen 
deficiency and impurities.  In Chapter 2, we showed that our oxide films, including the 
9% film, are deficient in oxygen compared to a sapphire, which was purchased externally 
and diagnosed by XPS.   
There are studies showing the effects of oxygen deficiency on the density of states 
of alumina (Ciraci & Batra, 1983; Ealet et al., 1994; Jimenez-Gonalez & Schmeisser, 
1991).  They found that the oxygen deficiency resulted in a low bond order and caused 
empty states (oxygen vacancy states) below the band gap of alumina.  An interesting 
comment raised by the authors was that the alumina thin film might not be thought of as 
an insulator, but as a semiconductor-like phase because the film was deficient in ionic 
bondings and has a reduced band gap.  Costina and Franchy (2001) investigated 
vibrational and electronic properties of about 2 nm amorphous Al2O3 thin films prepared 
by adsorption of O2 at room temperature and well-ordered Al2O3 thin films by direct 
oxidation of Ni3Al at 1150K.  The band gap energy was reported as 3.2 and 4.3 eV 
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respectively.  They also associated the lowering of the band gap energy with the 
existence of defect-induced states located in the band gap.  
9.5. Transparent Region: Index of refraction 
 When there is absorption, there is a variation in the index of refraction by the 
Kramers-Kronig relation.  Since the alumina absorption is very low in the “transparent” 
region, the variation of the index of refraction is also small.  Malitson and Dodge (1972) 
reported the index of refraction for bulk alumina in the transparent region with three 
Sellmeier dispersion oscillators as followings.   
 n2 !1= A1"
2
" 2 ! "1
2 +
A2" 2
" 2 ! "2
2 +
A3" 2
" 2 ! "3
2  (9.2) 
Each Sellmeier oscillator has two unknowns.  All six parameters are summarized in Table 
9-2. 
Table 9-2: Constants of the dispersion equation for a synthetic sapphire at 24°C (I. H. Malitson, 
1962). 
 
 In Figure 9-7, we compared the index of refraction from Malitson (1962) with our 
9% oxygen flow ratio oxide.  Note that his experiment range (0.2652 − 5.577 µm) is 
wider than ours (0.24 − 1.7 µm).  The former is expanded into IR range where the index 
of refraction goes down due to the infrared absorption.  One oscillator located at 
“17.92656 µm” (Table 9-2) simulates the infrared absorption.  Since our ellipsometry 
experiment is done up to 1.7 µm, we do not find a need to have additional oscillator in the 
IR range.  In fact, our ellipsometry data are successfully fitted by a single Sellmeier 
oscillator located at !=0.10651.  The oscillator appears similar to the 2nd oscillator of 
!1  !2  !3  A1  A2  A3  
0.0614482 0.1106997 17.92656 1.023798 1.058264 5.280792 
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Malitson located at “!=0.1106997” while our magnitude, A=1.5875, is higher than his, 
“A=1.058264.” 
 Overall, the index of refraction for the 9% film is lower by ~8%, which means the 
film is physically less dense, which is reasonable since the reference is out of a bulk 
alumina.  But, the film is optically denser due to the defects (e.g. oxygen vacancies) and 
possible impurities, which also decrease the band gap as mentioned earlier.  
 
Figure 9-7: Index of refraction from the 9% oxygen flow ratio film and a synthetic sapphire from 
Malitson (1962). 
 
To summarize, we discussed how alumina films are modeled with dispersion 
relations (Sellmeier and Lorentz).  We compared the optical constants found from the 
modeling with references.  The difference was interpreted using the concepts of band gap 
and defect. 
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10. Metal Films 
 In this chapter, we will discuss how aluminum films are modeled with dispersion 
relations and compare the optical constants of these films with reference data of bulk 
aluminum.  The differences between the thin film and the reference films are interpreted 
with concepts of volume oxide and disorder embedded in the film. 
10.1. Ellipsometry of The 0% Film (Aluminum) 
 As we did for oxide films, we deposited metal films on two substrates 
(microscope glass and silicon) and measured ellipsometric data as well as transmissivity.  
In fact, in the case of aluminum film, there was no need to deposit it on the two substrates.  
The ellipsometric data from the two samples (film on glass and film on silicon) are 
measured identically.   
 When incident light (the ellipsometry source light) reaches the top surface of the 
aluminum film, most of it is reflected.  The remaining light is absorbed within the film.  
This is evident from Figure 6-2 where the transmissivity of the 0% film was around 
0.05%.  In order for an ellipsometer to observe any changes caused by substrates, the 
source light has to travel back to its detector after reaching substrates.  In the case of the 
aluminum film, the possibility is roughly 0.05% × 0.05%.  Actually, it is lower than that 
if we take into account that the ellipsometer’s light is incident on the film at oblique 
angles.  Thus, the ellipsometric data are identical and do not contain any information 
about substrates.  
 The optical model for the metal film consists of a bare microscope glass (as a 
substrate) + an aluminum film + a surface roughness layer as illustrated in Table 10-1.  
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For the aluminum film, we have applied an ensemble of a Drude oscillator and two Tauc-
Lorentz oscillators.  For the surface roughness layer we have applied the effective 
medium approximation (EMA).   
Table 10-1: Illustration of the optical modeling of the 0% oxygen flow ratio film (the metal film) 
deposited at 2 mtorr and 200W. 
 
2  Surface roughness layer 2.475 nm 
1  0% Film 62 nm 
0  Glass 1 mm 
 
 Figure 10-1 shows ellipsometric data (psi and delta) and transmissivity vs. photon 
energy from both the experiment and the modeling of the 0% metal film.  At each photon 
energy, both psi and delta were measured at multiple incident angles (78, 80, and 82 
degrees).  This choice of angle of incidence is related to the accuracy of ellipsometry; it is 
more accurate when delta is around 90 degrees (Woollam, 2002).  Transmissivity was 
measured with a spectrophotometer from a film deposited on the glass substrate.  We 
analyzed both types of data simultaneously.  Our final model produces a good fit over the 
whole experimental range, as shown in the following figure (Figure 10-1).  
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Figure 10-1: Experimental and generated ellipsometric data (psi and delta) and transmissivity from 
the 0% oxygen flow ratio film. 
 
 Figure 10-2 shows the imaginary part (e2) of dielectric function for each oscillator 
(one Drude and two Tauc-Lorentz) and the sum of the three oscillators, which is the 
resultant e2 of the aluminum film.  The resultant e2 is then compared with a bulk 
aluminum’s dielectric function, which is from Smith et al. (1985).   
 The Drude oscillator represents electrical conduction due to free electrons, often 
called intraband absorption, in the aluminum film.  These free electrons cause e2 to rise 
as we move to a lower photon energy.  The Tauc-Lorentz oscillators have been used to 
account for remaining absorption in the film (Ellison & Modine, 1996; Tauc, Grigorovici, 
& Vancu, 1966).  We find the Tauc-Lorentz oscillator is more useful than the Lorentz 
oscillator because the former is not symmetric in the e1 and e2 representation where the 
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e2 function drops more rapidly on one side and actually goes to zero.  When the Lorentz 
oscillator, which is symmetric in the e1 and e2 representation, was applied, we find more 
oscillators are required to make a similar quality of fit.   
 Table 10-2 summarizes the oscillators’ parameters.  In this table “Center Energy” 
represents an oscillator’s peak position (eV) and “Bandgap” represents where the e2 ends 
on the left wing (lower photon energy side) of the peak. 
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Figure 10-2: Imaginary part (e2) of dielectric functions of three oscillators, constituents of the 0% 
oxygen flow ratio film.  Bulk aluminum data is from Smith et al. (1985). 
 
Table 10-2: Drude and Tauc-Lorentz parameters for the 0% oxygen flow ratio film (aluminum film). 
 
 Center Energy (eV) 
Amplitude 
(eV) 
Broadening 
Factor (eV) 
Bandgap  
(eV) 
Drude - 142.46 0.1678 - 
Tauc-Lorentz 
#1 1.5681 11.994 0.42542 0.0001 
Tauc-Lorentz 
#2 1.7 177.68 0.47803 1.5483 
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10.2. Interband Absorption (Volume Oxide and Disorder) 
 Brust (1970) demonstrated that the optical spectrum of aluminum could be 
understood in terms of the band structure.  For example, the origin of the interband 
absorption arises due to the occurrence of energy bands, which remain parallel near the 
Fermi level (Figure 9-3).  The band gap separating the resulting parallel bands was 
reported as ~1.54 eV.  The interband absorption is simulated by one of our Tauc-Lorentz 
oscillators whose center energy is 1.57 eV (Figure 9-2 and Table 9-2).  The interband 
absorption is also visible as a pronounced drop in reflectivity, which will be discussed 
later in this chapter. 
eV
k  
Figure 10-3: Energy band in the reflection plane of the Brillouin zone.  This figure is from Brust 
(1970). 
 
 In Figure 9-2, the interband absorption’s spectrum (of the 0% film) appears 
similar to the reference’s spectrum, but loses sharpness and is lower in magnitude.  Note 
that the reference data were collected from samples prepared through evaporation of 
aluminum metal at high temperature (~1000K) and in a high or ultrahigh vacuum (10e-10 
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torr).  The dielectric function was then measured at high vacuum (10e-6 torr) to minimize 
the native oxide layer on the samples. The high temperature and low pressure are 
essential when optical properties of pure bulk aluminum are measured.  Thus, it is not 
surprising to see the difference between the reference and the 0% film, which was 
deposited at room temperature and in higher base pressure (1e-6 torr), then measured at 
atmospheric pressure. 
 The discrepancy of the interband absorption between the 0% film and the 
reference might be understood in terms of volume oxide and disorder. 
The volume oxide is attributed to the gettering of residual molecular oxygen during 
deposition of aluminum films (Hollars & Dunn, 1998).  Studies of aluminum films 
evaporated at different rates and pressures indicate that optical constants are very 
sensitive to residual oxygen, which is incorporated into the films (Burridge, Kuhn, & 
Pery, 1953; Halford, Chin, & Norman, 1973).   
 In the case of the 0% film, no external oxygen was added during its deposition, 
but the deposition took place at a base pressure of 1e-6 torr (working pressure was 2e-3 
torr); thus, there will be residual oxygen, which is gettered to aluminum molecules.  This 
oxygen gettering is believed to form volume oxide in the 0% film thus causing the 
reduction in the interband absorption. 
 Another cause we like to think about is “disorder” embedded in the 0% film.  
Miller reported vapor-quenched solid and liquid aluminums exhibit typical metallic 
properties but with a wide range of modifications in the interband absorption (Miller, 
1969).  The interband absorption decreases and even disappears on melting.   
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 This is consistent with the work by Shaw and Smith (Shaw & Smith, 1969), who 
compared density of states in liquid and solid lithium, cadmium, and indium, then made a 
general conclusion that there is a considerable smoothing of the structure in the density of 
states in liquid metals.  In the liquid state at 900°C, aluminum exhibits no interband 
structure (Miller, 1969).  The aluminum has no long-range order and, hence, no well 
defined band structure (Faber, 1966).   
 Ziman (1961) pointed out that in a liquid, the arrangement of the ions is by no 
means random.  The observed mean free path of liquid metals was known between 5 and 
20 times of the mean free path from independent scattering calculation (gas 
approximation) (Faber & Ziman, 1965).  In other words there is strong correlation 
between the positions of the ions in the liquid to increase the mean free path.  Thus, we 
believe ions in liquid metals are not random, though not orderly enough to build the 
interband absorption. 
 Mathewson and Myers (1972) made aluminum mirrors by evaporating the pure 
metal on clean quartz substrates at room temperature.  During optical measurements 
(ellipsometry), the substrate temperature was varied within the range 125 – 800 K, and 
the pressured was maintained in an ultra high vacuum at which the samples were made. 
 They reported that as the substrate temperature increases, the interband absorption 
peak decreases and shifts to lower energies.  The peak showed a pronounced broadening.  
Based on the temperature dependent broadening, it was speculated that electron-phonon 
interactions played a significant part in the optical excitation and the broadening was 
attributed to the increase in population of phonon levels. 
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 They also deposited films at low temperatures (140 and 198 K) without any 
intermediate annealing.  The overall level of absorption was decreased and the interband 
absorption was considerably weakened.  It was concluded that a large amount of disorder 
was built into the films deposited at the low temperatures.   
 Thus, in a completely disordered film, the interband absorption is expected to 
disappear as if the film acts like liquid aluminum.  According to Hunderi’s model, the 0% 
film might be a state where a fraction of disordered material is localized in a background 
of ordered material (Hunderi, 1973). 
10.3. Intraband Absorption 
The complex frequency-dependent dielectric constant is shown to be expressible 
in the form, ! "( ) = ! f( ) "( ) + ! b( ) "( ) , which separates explicitly the intraband effects 
characteristic of free electrons,! f( ) "( )  from the interband effects commonly associated 
with bound electrons, ! b( ) "( ) .  The separation depends on the fact that interband 
transitions lie in separate spectral regions (Wooten, 1972). 
The intraband contribution to the optical properties can be described with a 
Drude-model dielectric function for the electron gas: 
 !1 = 1"
# p
2$ 2
1+# p2$ 2
 (10.1) 
 !2 =
" p
2#
" 1+" 2# 2( )  (10.2) 
Here !1  and !2  are real and imaginary parts of the !
f( ) "( )  respectively, and 
! P is called the plasma frequency for intraband transitions and !  the intraband relaxation 
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time or the mean free time between collisions.  In addition to using the quantity ! P , the 
strength of the intraband transition is commonly expressed in terms of the effective 
number density of electrons participating in intraband transitions 
 neff .int raband = me! P2 4" 2   (10.3) 
Here me  and e  are the free-electron mass and charge respectively.  A second alternative 
is the optical mass defined by  
 mopt = me nc neff .int raband( )  (10.4) 
where nc  is the density of conduction electrons.  
Similarly, the intraband relaxation time is often given in terms of the damping 
coefficient  
 ! = " #1  (10.5) 
A quantity often cited for comparison with electrical experiments is the dc 
conductivity in the Drude model 
 ! 0( ) =" P2 4#$  (10.6) 
A variety of fits of (10.1) and (10.2) have been made to infrared data for 
polycrystalline samples of metallic aluminum.  Table 10-3 shows the fit results (Drude 
parameters) reviewed by Smith and Segall (1986) as well as from the 0% film modeling. 
 
 
 
 
 
	   89	  
Table 10-3: Drude Parameters for the Intraband Absorption of Metallic Aluminuma 
 
Source 
Strengthb Damping 
DC conductivity 
! 0( )(1017 sec"1 )  
 !! P  
(eV )  
neff  
(e / at.)  
mopt  
(me )  
!  
(10!14 sec)   
!! = !" #1  
(meV )  Optical Electrical 
Ehrenreich, Philipp, & 
Segall (1963) 12.7 1.94 1.55 0.512 129 1.55 
3.18 - 
3.28  
Powell (1970) 12.2 1.80 1.67 0.66 100 1.81 
H. E. Bennett & 
Bennett (1965) 14.7 2.60 1.15 0.801 82.2 
3.18 
(input)c 
G. Dresselhaus, 
Dresselhaus, & 
Beaglehole (1971) 
12.9 2.0 1.5 0.5 132 1.60 
D. Y. Smith & Segall 
(1986) 12.5 1.88 1.60 1.05 63 3.00 
0% Film 10.9 1.71 1.75 0.447 147.22 0.97 - 
a Based on D. Y. Smith & Segall (1986).  All data is from room temperature measurements.   
b The effective density of electrons neff  is given in electrons per atom (e/at.)  In aluminum the actual 
density of conduction electrons is 3 e/at.  The optical conductivity at ! = 0  has been calculated from 
(10.6).  The electrical values of ! 0( ) are from dc measurements on bulk samples. 
c The measured bulk value of ! 0( )was used to fix the ratio ! P2 " via (10.6). 
 
Ehrenreich et al. (1963) and Powell (1970) did not account for another interband 
absorption (Ashcroft & Sturm, 1971; Brust, 1970) at around 0.5 eV, so that some 
interband absorption strength, as well as damping, were included in their Drude terms.  
This leads to conductivity significantly smaller than the measured bulk value.  This is 
illustrated in Figure	  10-­‐4 (left), where the intraband absorption is plotted with the Drude 
parameters from (Ehrenreich et al., 1963).  The intraband absorption appears to be 
overestimated causing a negative interband absorption (the line is disconnected since it is 
log scale).   
Bennett and Bennett (1965) assumed the measured value of conductivity of their 
sample but also neglected the 0.5 eV interband absorption leading to an overestimate of 
intraband transition.  Dresselhaus et al. (1971) and Smith and Segall  (1986) accounted 
for both interband transitions (0.5 and 1.6 eV).  Figure	  10-­‐4 (right) illustrates the 
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intraband absorption calculated from the Drude parameters reported in the Smith and 
Segall (1986). 
The effect of the 0.5 eV interband absorption on the total absorption is slight but 
sufficient to preclude classifying the low energy region as a true Drude or intraband 
region. 
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Figure 10-4: Solid black line is e2 from Shiles et al. (1980) .  Solid red line is plotted with the Drude 
parameters from Ehrenreich et al., (1963) (left) and Smith and Segall (1986) (right).  Dashed red line 
is the subtraction of the Drude absorption from the total absorption according to !" b( ) = " # " f( ) . 
 
The Drude parameters of the 0% film were obtained by fitting the ellipsometric 
data measured at between 0.73 and 5.16 eV.  Apparently, our optical experiment range 
also does not cover the 0.5 eV interband absorption.  The measurement range also does 
not extend to low enough energy for accurate determination of the intraband absorption.  
Nevertheless, we believe the lower relaxation time and lower optical conductivity 
predicted by the modeling represent the free electrons in the film.  These lower values are 
thought reasonable when we consider that the reference data are from bulk aluminum 
films. 
	   91	  
10.4. Reflection and Surface Roughness 
 We have used the Maxwell-Garnett effective medium approximation (MGEMA) 
(Niklasson, Granqvist, & Hunderi, 1981) to model the surface roughness layer of 0% film.  
The approximation assumes that spherical inclusions of one or two materials exist in a 
host material.  The dielectric function of this roughness layer is found by solving a 
following equation given the volume fractions of the two constituents f_b and f_c (f_a is 
equal to 1 - f_b - f_c).   
 ! " !A
! + 2!A
= fB
!B " !A
!A + 2!A
+ fC
!C " !A
!B + 2!A
 (10.7) 
 In the case of the 0% film’s roughness layer, the host material is the 0% film itself, 
and the small particles suspended in the host are void (n=0, k=1) and no third material 
(f_c =0).  In practice, this is just a reasonable way to mix optical constants together 
(Aspnes, 1982).  In its final model, the roughness layer is defined as a mixture of 40% of 
the film (0% film) and 60% of voids. 
 Figure 10-5 shows the 0% film’s reflection at normal incidence calculated 
with/without the surface roughness layer on top of the film itself.  The reflection is 
compared with reference data (Shiles et al., 1980).  The reference data is a result of 
Kramers-Kronig analysis of a compilation of reflection measurements on bulk aluminum 
films prepared and measured in high vacuum systems.  Thus, it does not suffer very much 
from surface oxidation/roughness and probably contains less volume oxide as mentioned 
earlier. 
 Note that we are not concerned with macroscopic roughness here.  The light 
reflected from portions of the sample that are not parallel to the average plane will be 
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directed elsewhere and hence not be detected.  Thus, the effect of macroscopic roughness 
is simply to reduce the amount of light reaching the detector (Tompkins, 2006).  But we 
doubt our films are macroscopically rough. 
As shown in Figure 10-5, the roughness layer modeling does not make any 
changes on reflection at low photon energy (near IR).  But, as the photon energy 
increases, the difference between with/without the roughness layer modeling becomes 
noticeable.  This is expected because the longer wavelength light (i.e., lower photon 
energy) is less affected by the roughness than the shorter wavelength light.   
 Even after the roughness was accounted for, there is a consistent gap between the 
model (red solid line) and the reference data (black solid line).  This is probably due to 
the volume oxide embedded in the 0% thin film.  Another reason might be the native 
oxide since our ellipsometry measurement is performed in the atmospheric pressure.  In 
terms of optical modeling, inclusion of the native oxide is nearly equivalent to inclusion 
of the surface roughness layer.  In practice, they are not added together into a modeling 
because the thickness of roughness layer is strongly correlated to the thickness of native 
oxide layer.  In this work, we only added the roughness layer. 
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Figure 10-5: Reflection vs. photon energy.  The 0% film’s reflection is closer to the UHV reflection 
data from Shiles et al. (1980) when the surface roughness layer (modeled by the MGEMA) is 
removed. 	  
To summarize, we showed how an aluminum thin film (the 0% oxygen flow ratio 
film) is modeled with an ensemble of a Drude oscillator and two Tauc-Lorentz oscillators.  
We then compared the resultant optical properties with the reference data and interpreted 
the difference in terms of volume oxide and disorder. 
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11. Survey of Usages of Effective Medium Approximation 
11.1. EMA Background 
11.1.1. Averaged Microstructure 
Effective medium approximation (EMA) is from two basic principles, 
electrostatics and averaging.  As a prototype of EMA, the Clausis-Mossotti model (a 
simple cubic lattice of points with a lattice constant n and polarizability !) can be thought 
as a mixture of polarizable points and empty space.  The following expression (Clausis-
Mossotti relation) shows the connection between a microstructure and its macroscopic 
dielectric response.   
 ! "1
! + 2 =
4#
3 n$  (11.1) 
This connection can be found by solving an electrostatic problem for a given 
microstructure, i.e., a simple cubic, and then averaging a microscopic solution to get the 
macroscopic dielectric function. 
In the case of an actual composite (heterogeneous) sample, however, solving an 
electrostatic problem cannot be done.  Thus, the EMA suggests the following averaging 
process (Aspnes, 1982).   
The exact form of the simplest heterogeneous medium of two different 
polarizabilities (!_a and !_b) is   
 ! "1
! + 2 =
4#
3 na$ a + nb$b( )  (11.2) 
This expression contains the microstructure parameters n_a and n_b, which we don't 
know in an actual composite material.  But, if we assume that dielectric functions (ε_a 
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and ε_b) of the two phases (a and b) are available, then we can rewrite the above 
equation as the following by using the Clausis-Mossotti equation 
 ! "1
! + 2 = fa
!a "1
!a + 2
+ fb
!b "1
!b + 2
 (11.3) 
where f_a and f_b are the volume fractions of the two phases (a and b).  The 
microstructure parameters (n_a and n_b) might be thought of as transformed into the 
volume fractions (f_a and f_b).  This is how the EMA averages the microscopic structure.  
The volume fractions become a part of fitting parameters to be found in ellipsometry. 
11.1.2. Detailed Microstructure 
When the ellipsometer’s light is applied to a film (a mixture of aluminum and 
alumina), the high conductivity of the aluminum generates more screening charges on the 
aluminum particle’s boundary.  Thus, if we calculate the effective dielectric function by 
averaging the two dielectric functions weighted according to volume fraction, the metal’s 
contribution to the effective dielectric function will be overestimated (Aspnes, 1985; 
Beckmann, 1968).  
The aluminum metal has larger polarizability, and screening charges gather on its 
surface which makes the metal hard to see by the electric field.  Effectiveness of the 
screening is dependent on the shape of the particles.  For example, a needle-shaped 
particle oriented parallel to the field will have less screening charges than a disk-shaped 
particle oriented perpendicular to the field (Niklasson, Granqvist, & Hunderi, 1981). 
We can take this factor into account in the WVASE32 software (Woollam, 2002), 
where it is called a “depolarization factor.”  A factor of 0 assumes a needle-like or 
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columnar microstructure, a factor of 1 represents a flat disk or a laminar microstructure, 
and a factor of 1/3 represents a sphere microstructure.   
Considering our films’ deposition environment, where the substrate was kept at 
room temperature and spun during deposition, we do not expect particles to have specific 
shapes or a preferred orientation.  Although we could have set the shape as a fitting 
parameter (between 0 and 1), there were high parameter correlations between the shape 
and the volume fraction.  We did not investigate the particles’ shapes and assumed their 
shapes are spheres.  We find this assumption works well in terms of fitting quality in 
ellipsometry.  But we are aware of the possibility that the aluminum’s dielectric function 
may be somewhat overestimated. 
11.1.3. Three Kinds of EMA 
There are three kinds of EMA: the Lorentz-Lorenz, Maxwell-Garnett, and 
Bruggeman.  These EMA theories differ only in the choice of host material, but they 
suggest different microstructures (Aspnes, 1985).  The Lorentz-Lorenz EMA assumes the 
host medium, which contains constituent materials, is an empty space.  The Maxwell-
Garnett EMA (MGEMA) assumes that the host is one with a higher volume fraction 
among constituents (Garnett, 1904).  Thus, the host surrounds the other constituents, and 
this modeling is appropriate to cermet or coated sphere microstructures (Niklasson et al., 
1981).  The Bruggeman EMA (BEMA) assumes there is no preference for any 
constituents.  The mixture itself is thought of as a host.  Thus, the modeling is appropriate 
to an aggregate structure and demands the structural equivalence of the constituents.  For 
our work, we find either MGEMA or BEMA works well and do not see any noticeable 
difference between them. 
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11.2. EMA Usages 
We would like to look at how the effective medium approximation (EMA) has 
been used in various research areas.  Its application is diverse since it can be used with 
various material types (metals, dielectrics, and semiconductors).  After a survey of 
relevant studies, we came up with the following perspectives about the application of the 
EMA.   We categorized the EMA applications into three groups. 
In the first group, optical properties of the EMA constituents are assumed known.  
This means the constituents are assumed to exist in their pure phases such as bulk 
materials.  Thus, the volume fractions of the constituents are principal fitting parameters 
(De Laet, Terryn, & Vereecken, 1998; Jungk & Schultze, 1987; Kotenev, 2000a; 2000b; 
Van Gils et al., 2005).   
In the second group, constituents are not assumed to have their intrinsic (bulk) 
properties.  Optical properties are modeled with dispersion oscillators, which become part 
of fitting parameters besides the volume fraction of the constituents (Jung, 2004; Qiao & 
Mergel, 2010; Reichel, Jeurgens, L. P. H., & Mittemeijer, 2008a; Reichel, Jeurgens, L. P. 
H., Richter, & Mittemeijer, 2008c; Rhaleb et al., 2002). 
In the third group, a film is modeled with multiple layers, and each layer is 
modeled with the EMA.  This method allows the variation of volume fractions of 
constituents along the normal direction of the film.  This approach enables researchers to 
capture the variation of the optical property of the film along the thickness (Gaillet, Yan, 
& Teboul, 2007; Lyapin, Jeurgens, Graat, & Mittemeijer, 2004; Synowicki, 1998; 
Vinodh, Jeurgens, L. P. H., & Mittemeijer, 2006). 
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This categorization also indicates the complexity of the modeling increases from 
the first group to the last.  Depending on the complexity of a sample, we have to make a 
proper choice.  The most complex modeling is realistic but contains more unknowns 
accordingly.  In the cases of our off-stoichiometric films, the approach similar to the last 
group produces a satisfactory fit to experimental data while the other two methods do not.  
In the following sections, we will summarize the studies mentioned in the three groups. 
11.2.1. Intrinsic Constituents 
Jungk and Schultze (1987) deposited 70 nm Al films by sputtering at room 
temperature with Ar only.  They made three samples by changing the ratio of residual gas 
pressure to deposition rate.  Figure 11-1 shows dielectric functions of the three samples.  
When the residual gas pressure is higher, more residual gas naturally incorporates into the 
films, and the volume fraction of Al2O3 increases (Grovenor, Hentzell, & Smith, 1984).  
They speculated the oxygen content decreases the grain sizes of Al because it hinders the 
growth of grains (Hunderi, 1973; Hunderi & Myers, 1973).  In this work, they applied the 
BEMA and MGEMA where intrinsic (bulk) optical properties of Al2O3 and Al are 
mixed, then varied the volume fraction of Al as well as its depolarization factor (the 
shape of Al particle).  Jungk and Schultze (1987) reported that both EMAs did not work 
well and speculated “distinct deviations from the effective medium picture” are related to 
“commonly assumed homogeneity and linearity.” 
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Figure 11-1: Spectral dependence of the real and imaginary parts of the dielectric function for 
different Al films.  Oxygen incorporation was increased from Film 0 to Film 2.  This figure is from 
Jungk and Schultze (1987). 
 
De Laet et al. (1998) characterized porous anodic oxide films on aluminum 
formed in phosphoric acid (PAA) by ellipsometry.  Figure 11-2 shows the morphology of 
a sample and its optical model.  A relatively large interface roughness (~120 nm thick) 
between the PAA film and the aluminum substrate has been simulated by three sublayers 
with progressive Al content towards the substrate.  The constituents were assumed 
intrinsic bulk Al2O3 and Al.  The porous film itself was modeled by a uniaxial 
anisotropic layer meaning there were different effective dielectric functions in the parallel 
and perpendicular to the substrate (Nee, 1988).  Their ellipsometry modeling shows very 
high 90% confidence limits for the interface thicknesses and Al concentrations.  Thus, 
parameter correlations are expected to be high as well, although those numbers are not 
reported in the article. 
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Since the sample is really complex, we expect there are many opportunities for 
non-ideal characteristics to be involved in the sample.  Thus, assuming intrinsic 
aluminum and alumina as constituents for the EMA may not work well.  However, this 
modeling already contains many unknowns due to the complexity, and it would not be 
possible to add the optical constants of constituents in to the modeling. 
 
Figure 11-2: Morphology of the porous anodic film (on left) and its optical model (on right). This 
figure is from De Laet et al. (1998). 
 
Kotenev (2000) deposited an aluminum film at UHV (10^-10 torr) and studied 
initial sates of the aluminum oxidation at 3*10^-7 torr and the room temperature by 
means of a laser ellipsometry (at a single wavelength, 630 nm) with the data of Auger 
spectroscopy.  Figure 11-3 shows the volume fraction of oxygen vs. the depth of the 
surface layer during the growth of the oxidation layer.   
Kotenev proposed an optical model of the reaction zone near the surface.  The 
model is the MGEMA mixing Al metal (T. Smith & Lindberg, 1979) and condensed 
oxygen (Kruger & Ambs, 1959) instead of Al2O3 oxide.  The reasoning behind this 
choice is that Al2O3 formed only at long exposures to oxygen.  Kotenev (2000) 
concluded that “the layer can be considered as a layer of incompletely oxidized metal, in 
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which the metal and the oxygen are bonded much weaker than in a phase oxide 
(Al2O3).”   
       
Figure 11-3: The profile of the volume oxygen content vs. the depth in the surface aluminum layer 
during its oxidation at room temperature (on left).  A schematic diagram for the occupation of the 
adsorption sites on aluminum with oxygen atoms at the adsorption stage III (on right).  This figure is 
from Kotenev (2000). 	  
Van Gils et al. (2005) deposited aluminum films (70 to 140 nm) by magnetron 
sputtering.  They increased oxygen incorporation into the films by increasing base 
pressure before the film deposition when the working pressure was kept at 0.9 Pa with 
argon only.  They measured reflectance of the films to see how the optical properties 
change with oxygen incorporation.  As expected, the reflectance increased as oxygen 
incorporation decreased since the film became closer to an intrinsic aluminum, whose 
reflectance is around 90% (see Figure 11-4).  Degradation of reflectance resulted from 
oxygen and water in the base vacuum, which caused alumina formation inside the 
aluminum film.   
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Figure 11-4: Total reflectance of magnetron-sputtered aluminum specimens.  This figure is from Van 
Gils et al. (2005). 	  
Here we like to make a distinction between the two terms “oxygen incorporation” 
and “oxidation.”  Depending on disciplines, the two terms are sometimes used 
interchangeably.  Here, we will use “oxygen incorporation” for volume oxide inside the 
film, and “oxidation” for surface oxidation at the top of the film surface. 
Van Gils et al. (2005) used the EMA to quantify the volume oxide inside the 
aluminum film.  Figure 11-5 shows the schematic diagram of the film and the modeling.  
Instead of optical properties of intrinsic aluminum, they used optical properties of their 
own aluminum film deposited in the “best” deposition condition: the lowest base pressure 
and the highest current.  Then, the aluminum properties were mixed with intrinsic bulk 
alumina’s properties.  Note that the two constituents’ properties are fixed before 
modeling the mixture.  Thus, fitting parameters are the volume fractions. 
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Figure 11-5: Schematic diagrams showing (a) the appearance of the aluminum film deposited and (b) 
the corresponding optical model.  This is from Van Gils et al. (2005). 
 
Van Gils et al. showed the mean-squared errors (MSE: an indicator of the fitting 
quality of ellipsometry) from modeling a range of compositional films as well as XPS 
depth profiling of each film.  We find that if a film is in the middle of the composition 
range, the MSE is high and the film shows inhomogeneity (compositional variation along 
the depth of the film).  But, Van Gils et al. assume all films are homogeneous for the 
optical modeling as illustrated in Figure 11-5.  This study shows a similar trend that we 
observe; our off-stoichiometric films are not homogeneous and modeling them as 
homogeneous films results in a poor fit in ellipsometry. 
11.2.2. Non-Intrinsic Constituents 
Reichel et al. (2008) studied kinetics of ultra-thin (< 3 nm) surface oxidation on 
bare Al{1 1 1}, Al{1 0 0} and Al{1 1 0} substrates in the temperature range of 350 – 600 
K at p_O2 = 1e-4 Pa by real-time in situ spectroscopic ellipsometry.  It follows that stable 
amorphous Al2O3 films formed on all substrate, then beyond a critical thickness (< 1 
nm) a crystalline state (gamma like) was thermodynamically preferred.  As the 
temperature of the substrates increased, the critical thickness decreased.  
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This work identified so-called “interface” oxidic peaks in XPS, which is different 
from metallic and oxidic peaks, as shown in Figure 11‑6.  By the effective depth analysis, 
the “interface” peak was shown to originate between the aluminum metal substrate and 
its oxide film.  It was concluded that “the sub-oxidic interface contribution arises from 
the deficient coordination of Al cations by nearest neighbor O anions at the metal/oxide 
interface” (Reichel, Jeurgens, L. P. H., Richter, & Mittemeijer, 2008c). 
 
 
Figure 11-6: Spectral reconstruction of the metallic Al 2p main peak and the two oxidic Al 2p main 
peaks as well as O 1s main peaks for the Al{100} substrate after oxidation for 6000 seconds at 500K 
and 1e-4 Pa (on left).  High-resolution transmission electron micrograph (TEM) image of the sample 
(on right).  These figures are from Reichel et al. (2008). 
 
The nonstoichiometric interface layer between the parent Al substrate and the 
thickening (stoichiometric) Al2O3 layer was modeled by the MGEMA.  In this modeling, 
they mixed optical constants found from the Al metal substrate (as inclusion) and the 
stoichiometric Al2O3 layer (as host).  The Al metal substrate’s optical constants were 
measured before oxidation in UHV, 3e-8 Pa.  The stoichiometric Al2O3 layer was 
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modeled by a Cauchy dispersion without absorption; this modeling is from the work by 
Malitson et al. (1958).  
Reichel et al. (2008) found that the Cauchy parameter decreased from 1.66 at 350 
K to 1.45 at 600 K, and the volume fraction of Al was independent of temperature and 
was 0.84, 0.77, and 0.85 for oxide growth on Al {111}, Al{100} and Al{110} 
respectively.  They reported “the presence of Al cations with a lower valence state at the 
metal/oxide interface” caused “the absorption behavior of the ultra-thin (<1.5nm) oxide 
layer.”  A similar characteristic is observed in our off-stoichiometric films even though 
our films are much thicker.  The Al enrichment in a film becomes higher in the bottom of 
the film and the Al enriched layer is primarily responsible for the optical absorption. 
While the non-intrinsic optical properties of the interface layer were addressed by 
the MGEMA, the modeling is practically the same approach used in previous studies 
(explained in the previous section) where two predefined materials are mixed, in terms of 
optical modeling.   
So far we have reviewed studies where the EMA was used to model samples 
made up of aluminum and alumina.  These works were helpful because the subject 
material was similar to what we were experimenting with.  But, we find that the way the 
EMA was used in these studies is somewhat limited for modeling our films.  We 
extended our survey to studies with indium tin oxide (ITO) films, which are modeled a 
bit more sophisticatedly.   
Indium tin oxide (ITO) is a transparent conducting oxide in wide use today.  ITO 
can be difficult to work with since this material displays a complicated graded 
microstructure, and the optical properties of ITO can vary widely with deposition 
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conditions and post-deposition processing.  For this reason, it is common to characterize 
ITO films via optical measurements.  However, accurate results are difficult to obtain 
because of the graded microstructure of the film which introduces variations in the 
refractive index throughout the film thickness (Synowicki, 1998); thus, the typical ITO 
film does not have a single, well-defined set of optical constants, although neglecting this 
nature may be valid depending on the purpose of study (Qiao & Mergel, 2010). 
El Rhaleb et al. (2002) deposited ~300 nm ITO films by spray pyrolysis.  In their 
optical modeling, an ITO film was modeled with the Cauchy + absorption tail (probably 
the Urbach absorption, but not mentioned) and two additional ~30 nm thick BEMA 
layers on top of the ITO film.  The upper BEMA layer was composed of the ITO film + 
57% voids, and the lower BEMA was composed of the ITO + 21% voids.  These two 
layers significantly improved the fit between ellipsometric data and the optical model and 
represented “a strong index gradient because of the surface roughness and a non-
homogeneous microstructure very near the film surface” (Rhaleb et al., 2002).  The fact 
that they needed the two less dense layers on top of the ITO appears to be related to the 
spray pyrolysis technique used in the work, which provides less dense materials than 
those prepared by other techniques (Benamar, Rami, Messaoudi, Sayah, & Ennaoui, 
1999).   
A similar usage of the EMA can be found in Jung (2004), where the variation of 
the optical constants of an ITO thin film during its thermal treatment was explored.  The 
optical model consisted of a total 300 nm ITO film  (sum of two 150 nm layers) and a 
surface roughness layer.  This roughness layer was modeled with the BEMA composed 
of 50% the upper half ITO layer and 50% voids.  The thickness of the surface roughness 
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layer was not shown.  Each 150 nm thick ITO layer was modeled with one Drude and one 
Lorentz oscillator.   
From this work, we found the following helpful arguments.  Decrease of 
refractive indices is due to “lower packing densities and stress relaxation resulting from 
heat treatment” (Poelman et al., 2001).  Increase of extinction coefficients in near infrared 
range is due to “increase of free carriers of more Sn atoms” (Akkad, Marafi, & Punnoose, 
2000), and the increase in visible range was due to “sub-oxide phases InOx or SnOx or 
crystallographic flaws (for example, grain boundaries and voids)” (Jung, 2004).  It is also 
mentioned that the non-stoichiometric sub-oxide phases act as optical scattering centers.  
We believe that these arguments apply to our off-stoichiometric films as well. 
11.2.3. Grading + EMA 
The previous two studies of ITO films showed optical modeling where the graded 
structures of the films were incorporated.  The EMA was adapted to the modeling to 
consider the index profiling (Rhaleb et al., 2002) or the surface roughness layer (Jung, 
2004) over the ITO film.  But, the ITO film itself was not modeled by the EMA but with 
the Cauchy + absorption tail (Rhaleb et al., 2002) or the Drude + Lorentz oscillator (Jung, 
2004).  Here, we would look at studies where the ITO film itself was modeled with the 
EMA.  These modelings simulate the grading as well as the mixing of constituents. 
Synowicki (1998) deposited ITO films on fused silica substrates by an RF sputter 
at 45 W from an ITO target in an argon atmosphere at 5 mtorr.  The film was then 
annealed at 350°C for 8 hours.  The ITO film’s thickness was determined to be 288.4nm, 
which is similar to samples (~300 nm) mentioned in the previous section.  In the optical 
modeling, the film was first approximated by a two-layer system: a top and a bottom 
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layer.  Each layer was modeled by two Lorentz oscillators.  Then, the two-layer structure 
was divided into multiple sublayers of equal thickness.  All these sublayers’ dielectric 
functions were described as a mixture of the two layers (top and bottom) using the 
BEMA.  The mixing ratio was linearly graded through the sublayers. 
In this work, the ITO film itself was modeled with the BEMA to simulate the 
graded structure and mixing.  This modeling is more realistic but also complex since it 
contains more parameters to be found.  Consequently, this modeling is likely to suffer 
high correlations between fitting parameters.  The author reported that a unique fit was 
found by following methods.  Instead of a direct fit of n and k at each wavelength, using 
dispersion oscillators (such as the Cauchy and Lorentz) greatly reduced the number of fit 
parameters.  Intensity transmission data were analyzed simultaneously with the 
ellipsometry data.  Also, the ellipsometry was performed at multiple angles of incidence.  
We adopted all these treatments.  This work has been a foundation for our optical 
modeling of off-stoichiometric films. 
Gaillet et al. (2007) did an optical modeling of a complete LCD display, which 
contains the ITO film as an electrode.  For the description of the optical response of their 
128 nm ITO film, an approach similar to the study by Synowicki (1998) was adopted.   
For the rest of the parts of the device, the Tauc-Lorentz dispersion oscillators were used, 
but detailed explanation was not given.  They showed the optical constants of the ITO 
film were varied as a function of the depth within the layer; the material was more 
conductive at the top of the film relative to the bottom as shown in Figure 11-7. 
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Figure 11-7: The optical constants of the grade ITO layer.  Solid and dotted lines are for the top and 
bottom of the ITO layers, respectively.  This figure is from Gaillet et al. (2007). 
 
The EMA accompanied by the grading worked for modeling most of our off-
stoichiometric films.  But, even this approach did not work for a film, which was 
deposited at the 4% oxygen flow ratio (the threshold oxygen flow ratio), above which 
films appeared as oxides.  Eventually, we found that the graded structure in the film was 
not linear. 
Lyapin et al. (2004) have grown thin oxide films on polycrystalline Zr substrates 
at room temperature by exposing the substrates to pure oxygen gas in very low pressures 
(10^-4 to 10^-7 Pa).  By applying angle-resolved XPS and in situ ellipsometry, they 
revealed that the oxide film was constituted of stoichiometric ZrO2 in combination with 
Zr enrichment and oxygen deficiency.  They also found that the degree of Zr enrichment 
was higher toward the Zr substrate.  Thus, in their optical modeling, the sample was 
divided into two layers.  The top layer was modeled with a Cauchy oscillator without 
absorption to represent stoichiometric ZrO2 on the top.  The bottom layer was modeled 
with the MGEMA, which was a mixture of the stoichiometric ZrO2 and “a random 
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distribution of small (compared to wavelength) spherical particles of Zr metal” (Lyapin et 
al., 2004).  This simulated the Zr-enriched-non-stoichiometric layer on the bottom.  The 
Zr metal’s optical constants were measured from the Zr metal substrate before being 
exposed to the oxygen gas in UHV. 
The graded nature of the film was expressed by splitting the whole film into two 
layers: an optically thin layer (stoichiometric ZrO2) and an optically thick layer (EMA of 
stoichiometric ZrO2 + metal Zr).  This is a simple alternative approach to the non-
linearity of the film. 
Vinodh et al. (2006) did in situ ellipsometry for the analysis of the kinetics of 
ultra-thin oxide films on MgAl alloys.  The EMA was used to assess the optical 
properties of the compositionally inhomogeneous, Al-doped MgO films developing on 
the Mg-based MgAl alloy substrates. 
They have attempted three models, which are illustrated in Figure 11-8.  The first 
model adopted a pure Mg intermediate layer between the alloy substrate (MgAl) and the 
oxide film (MgAl2O4).  The optical constants of the alloy were measured before 
oxidation and after sputter cleaning.  The optical constants of the oxide were found from 
bulk films (Palik, 1998).  The second model moved the Mg intermediate layer into the 
alloy substrate by the BEMA, where the MgAl alloy (the substrate) was mixed with Mg.  
In this model, the developing oxide layer was described as a linearly graded EMA (Al + 
MgO).  The third model described the oxide layer as a non-linearly graded EMA (Al + 
MgO), which was put on top of the MgAl (alloy).  For the non-linear grading, they 
defined one additional node between two nodes at the top and bottom of the graded layer.  
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Figure 11-8: Illustration of the three models used in the study of Vinodh et al. (2006). 
 
Vinodh et al. (2006) reported that none of these models described the entire 
oxidation process well.  The first two models were not adequate for the initial fast 
oxidation stage.  The last model could simulate the initial fast oxidation, but was not 
sufficient for the subsequent slow oxidation stage.  Figure 11-9 shows the last model, 
which misses the gradual increase of psi during the slow oxidation stage at the high pO2 
of 1*10^−4 Pa. 
 
Figure 11-9: Measured (open markers) and fitted (lines) values of psi and delta at wavelength 525 nm 
as a function of oxidation time  for the oxidation of the bare Mg-7.31Al substrate at 304 K for 1 h at 
(a and b) pO2 of 1e-6 Pa and (c and d) 1e-4 Pa.  This figure is from Vinodh et al. (2006). 
 
They reported that the intermediate Mg layer (the first model) between the alloy 
(MgAl) substrate and the oxide (MgAl2O4) or a substrate mixing the alloy and Mg (the 
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second model) was needed to “describe the gradual increase of psi during the slow 
oxidation stage at high pO2, which was ascribed to the continuous segregation of Mg to 
the alloy/oxide interface during the slow growth stage” (Vinodh et al., 2006).  However, 
they found that only the last model could mimic the initial drop and the subsequent steep 
increase of psi at low pO2 during the initial stage of oxidation, as shown in Figure 11-9.  
Thus, they suggested a combined model of the last and either the first or the second.  But, 
the combination was failed because “the fit parameters for the thickness of the graded 
layer and the thickness of the Mg intermediate layer or the EMA fraction of Mg in the 
substrate are highly correlated” (Vinodh et al., 2006). 
This correlation problem is related to the amount of experimental data available.  
For example, the ellipsometry measurement was done at a single incidence angle (70°).  
We believe this restraint is related to their experimental settings, where XPS and 
Ellipsometry had to be used in situ during the film oxidation.  Note our ellipsometry data 
are measured at multiple angles of incidence.  We also have transmission data from the 
samples. 
The study by Vinodh et al. (2006) showed the occurrence where film’s structure is 
not linear; the film was more enriched with aluminum near the substrate.  The “three 
nodes grading” approach revealed the non-linearity in the film.  We find this non-
linearity in the film, which was deposited with the 4% oxygen flow ratio, which turns out 
to be the threshold oxygen flow ratio, above which films come out as oxides. 
In this chapter, we summarized our survey of how the EMA was used in various 
research fields.  From this study, we gained a better understanding of the EMA and could 
customize its usage to accommodate distinct characteristics (non-intrinsic properties and 
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non-homogeneous structures) of our off-stoichiometric films.  In the following chapter 
(Chapter 12), we will show the ellipsometry modeling of the off-stoichiometric films 
deposited with 1.5, 2, 3, and 4% oxygen flow ratios. 
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12. Off-Stoichiometric Films 
12.1. Inhomogeneous Structure 
We categorized our films into three groups: oxide, metal, and off-stoichiometry 
films.  Oxide films were deposited at oxygen flow ratios of 5 to 9%.  A metal film was 
deposited at 0%.  Off-stoichiometric films were deposited at 1.5, 2, 3, and 4%.  In the 
cases of oxide and metal films, we find the assumption of homogeneous optical 
properties of the films can be justified.  But, the homogeneity does not apply to the off-
stoichiometric films. 
Figure 12-1 shows the generated and experimental ellipsometry data (psi and 
delta) vs. photon energy from a film deposited on a microscope glass substrate at the 
1.5% oxygen flow ratio.  At each photon energy, both psi and delta data are measured at 
multiple incident angles such as 78, 80, and 82 deg. 
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Figure 12-1: Generated and experimental ellipsometry data (psi and delta) from a film deposited 
with the 1.5% oxygen flow ratio at 2 mtorr (working pressure) and 200 W (sputtering power). 
 
In this modeling we used an ensemble of one Drude and two Tauc-Lorentz 
oscillators for the film as we did for the metal film (Chapter 10), and then added the 2 nm 
Bruggeman EMA layer (50% film + 50% void) on top of the film to simulate the surface 
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roughness.  For the thickness of the film, we set the film’s thickness at 66nm as it was 
directly measured by XRR. 
This model was fitted to experimental ellipsometry data and generated a good fit, 
as shown in Figure 12-1, but the transmission data generated from the model did not 
predict experimental transmission data well, as shown in Figure 12‑2.  The model 
predicts much higher transmission; thus, the modeled film absorbs less than the actual 
film.  We might ask how a model is well fitted to the ellipsometry data but is not well 
fitted to the transmission data. 
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Figure 12-2: The solid line is transmission data generated from a model based on the ellipsometry 
data shown in Figure 12-1.  The dotted line is the experimental transmission data measured with a 
spectrophotometer from the 1.5% oxygen flow ratio film deposited on a microscope glass substrate. 
 
When a film is opaque, the detector collects only the first reflection at the film-
ambient interface because later reflections from the film-substrate interface will be 
mostly or completely absorbed.  Roughly speaking, in the case of the 1.5% film, since the 
transmission is around 0.1% (Figure 12-2), the chance that the second reflections arrive at 
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the detector is 0.1% * 0.1%.  This is because the light reflected at the film-substrate 
interface has to travel back to the film-ambient interface.   
From the point of view of an ellipsometer, the 66-nm film (the 1.5% oxygen flow 
ratio film) is same as a bulk film.  The ellipsometer cannot see any changes, which may 
exist inside the film or near the bottom of the film.  Thus, the model, well fitted to the 
ellipsometry data, may represent the top portion of the film but misses an absorbing layer 
underneath it.  Thus, the model does not match the transmission data from the identical 
film.  
We find transmission data by a spectrophotometer are crucial to modeling 
absorbing and inhomogeneous films because the light from a spectrophotometer can 
interact with a film all the way down to the bottom and leaves information about how 
much of the light the film absorbs. 
Note the 0% film is more absorbent but we see the transmission data generated 
from a model based on the film’s ellipsometry data fit to the experimental transmission 
very well.  This is because the 0% film is homogeneous.  Whether a film is optically 
thick or not, as long as it is homogenous, ellipsometry data may be sufficient for its 
modeling.  We find inhomogeneity becomes noticeable in the off-stoichiometric films. 
Although we deposited the off-stoichiometric films by controlling the oxygen 
flow ratio, we do not want to give the impression that the oxygen flow ratio is the essence 
of the variation of compositions and optical properties.  The oxygen flow ratio is one of 
many parameters controlling a reactive sputtering, as mentioned in Chapter 2 “Film 
Deposition.”  We believe the oxygen flow ratio is just one of the external parameters 
affecting the essence of reactive sputtering, which we actually understand little.  We 
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oriented our resources to the optical modeling of the resultant films.  In the cases of off-
stoichiometric films, our task is how to address the underlying absorbing layer, which is 
detected by a spectrophotometer but not by an ellipsometer.   We also want to combine 
this underlying layer with the upper layer in the final modeling of the whole film.  This is 
the grading nature we mentioned in Chapter 11, where we discussed how the EMA could 
be adapted for a film whose constituents are enriched near the substrate.  Before we show 
our modeling, we like to discuss another issue in the following section: the non-intrinsic 
properties of films. 
12.2. Non-Intrinsic Properties 
In early modeling, we mixed intrinsic optical constants of alumina and aluminum 
(bulk film’s optical properties found in references) by EMA to simulate the off-
stoichiometric films.  It did not work.  Next, we mixed optical constants of our own 
aluminum film (deposited at the 0% oxygen flow ratio) and alumina film (deposited at 
the 9% oxygen flow ratio) because we speculated they are more similar to what exist in 
the off-stoichiometric films than the intrinsic bulk films’.  But, this did not work either.  
Then, we started to think about the inhomogeneity; the graded structure in the film as 
explained in the previous section.  When we applied the inhomogeneity with the optical 
constants of our own aluminum and alumina films to the EMA modeling, it almost 
worked.  But, this approach was a bit poor in fitting to transmission data.  In the end, we 
needed to modify the constituents (aluminum and alumina) of EMA. 
To explain how we modified the constituents, let us make an analogy to an 
artificial example.  Let say we have samples numbered from #1 to #10 and their 
compositions change step by step.  For example, assuming we want to model #5, the 
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conventional EMA can be compared to mixing #1 and #10 (a metal and its stoichiometric 
oxide: two end materials).  Here, what we do is like mixing #4 and #6: two neighbors of 
#5.  We have films deposited at a somewhat incremental oxygen flow ratio although the 
resultant composition does not necessarily change gradually.  Thus, when we model, for 
example, the 3% oxygen flow ratio film, we mix optical constants of the 2% and 4% 
films instead of the 0% and 9% films. 
We would like to point out one thing about the modeling sequence.  Let us 
assume we want to model the 3% film.  Because we do not know the optical constants of 
the 2% and 4% films (two neighbors) yet, we cannot proceed without guessing the both.  
Thus, we begin to model the 1.5% film because we know one of neighbors of the film: 
the 0% film (Chapter 10).  Therefore, we have modeled the off-stoichiometric films in the 
following sequence, 1.5%, 2%, 3%, and 4% film successively.   
The idea about mixing neighbors occurred when we were studying the 
intermediate oxidation states of alumina (Chapter 3), whose existence was studied by the 
X-ray photoelectron spectroscopy (XPS) in the surface oxidation of aluminum (Faraci, La 
Rosa, Pennisi, Hwu, & Margaritondo, 1993; 1995; Lindmark, 2000; Panda, Jeurgens, L. 
P. H., & Mittemeijer, 2009; Reichel, Jeurgens, L. P. H., & Mittemeijer, 2008; Vinodh, 
Jeurgens, L. P. H., & Mittemeijer, 2006).  It was shown that these intermediate oxidation 
states are a result of deficient coordination of Al cations by nearest neighbor O anions.   
From the XPS spectra of these intermediate oxidation states, we have noticed that 
an XPS spectrum of an off-stoichiometric alumina containing the intermediate states (Al 
1+, Al 2+) could not be curve fit with the peaks of intrinsic aluminum and alumina 
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(stoichiometric).  These studies prompted the idea about modifying constituents in EMA 
instead of mixing bulk alumina and aluminum or our own alumina and aluminum films. 
Note that studies of the intermediate oxidation states centered on the oxidation of 
a material, which occurs at the surface of a film or a bulk material; thus, the oxidation 
layer’s thickness is usually a couple of nanometers.  It is open to debate whether they 
exist in thicker films such as ours (60 to 70 nm).  Having said that, we believe that our 
off-stoichiometric films contain a measure of intermediate oxidation states.   
Our reasoning is as followings: when an aluminum film is deposited, the oxygen 
incorporation from the residual gas decreases the grain size because the oxygen hinders 
the grain’s growth (Grovenor, Hentzell, & Smith, 1984; Verkerk & Raaijmakers, 1985).  
In the process of deposition of our off-stoichiometric films, we injected additional 
oxygen (e.g., 1.5, 2, 3, and 4% flow ratio) by design.  Due to the increasing oxygen 
content, the ratio of the ionic bonding to the covalent bonding increases.  This will 
increase the level of defects (Evans, 1991; Innocenzi et al., 1990), the volume oxides 
(Van Gils et al., 2005) and disorderliness (Hunderi, 1973; Hunderi & Myers, 1973) in the 
films (see more in Chapter 9 and 10).  Thus, these processes lead to the increase of 
intermediate oxidation states.  Also, the fact that our films are deposited at room 
temperature is also conducive to the disorderliness and thus the off-stoichiometric states 
(Schneider, Sproul, Voevodin, & Matthews, 1997; Sridharan, Sillassen, Bottiger, 
Chevallier, & Birkedal, 2007; Zywitzki, Hoetzsch, & Fietzke, 1996).  
So far, we have mentioned two aspects of complexity found in our off-
stoichiometric films: inhomogeneity and non-intrinsic properties.  In Chapter 11, we have 
explained how these characters can be addressed by the EMA modeling.  In the following 
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sections, we will demonstrate how we applied the EMA to our off-stoichiometric films 
where the inhomogeneity and non-intrinsic properties are appreciable. 
12.3. The 1.5% Film 
The 1.5% film is modeled as a 64 nm inhomogeneous layer with a 2.9 nm surface 
roughness layer (Table 12-1).  In Chapter 5, we mentioned when a film becomes metallic, 
the roughness layer needs to be included to the optical modeling for a good fit in 
ellipsometry.  But, the thickness of the roughness layer is highly correlated with the 
thickness of the film (Woollam, 2002).   
Our approach to the roughness layer modeling is that we choose the RMS surface 
roughness measured by AFM as an initial guess for the thickness in ellipsometry.  While 
the AFM and the ellipsometry do not see identically the thickness of the roughness layer 
(Flueraru et al., 2000; Kojima & Li, 1999; Qiao & Mergel, 2010; Sun & Hou, 2004), it is 
helpful to know of the film physically (AFM) before fitting (ellipsometry).  Note we do 
not have all films’ RMS surface roughness measured by AFM, but we do know the 
relationship between roughness and film’s composition/thickness (see Chapter 5); thus, 
we can make a sound initial guess for the thickness of surface roughness layers. 
Table 12-1: The optical modeling of the 1.5% film deposited on a glass substrate at 2 mtorr (working 
pressure) and 200W (sputtering power). 
 
2  Surface roughness layer 2.9 nm 
1  MGEMA + Grading 64 nm 
0  Microscope Glass 1 mm 
 
 Figure 12‑3 shows two constituents of EMA modeling of the 1.5% film.  They are 
shown in terms of e2, the imaginary part of dielectric constant.  The constituent #1 
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(Figure 12-3) is modeled with a combination of one Drude oscillator and two Tauc-
Lorentz oscillators.  The constituent has its physical origin in the top portion of the 1.5% 
film and is modeled based on the ellipsometric data.  The ellipsometric data only contains 
information of the top portion since the film is optically thick and does not allow 
reflections to reach the detector except for the first reflection at the top surface. The 
constituent #2 (Figure 12-3) has the same combination: one Drude + two Tauc-Lorentz 
oscillators.  It has its physical origin in the 0% film, which was modeled prior to the 
current modeling (see Chapter 10).  This constituent is not necessarily the same with the 
0% film.  The constituent’s oscillators are allowed to change during the fitting of the 
whole film.   
These two constituents become the top and bottom sub layers of the film, which is 
divided into multiple sub layers of equal thickness.  Each sub layer is composed of these 
two constituents, instead of bulk aluminum and alumina films or our 0% and 9% oxygen 
flow ratio films.  This is how we addressed the non-intrinsic properties of the film.  The 
inhomogeneous nature of the film can be addressed by grading the mixing ratio of the 
two; this will be discussed in the following section. 
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Figure 12-3: The imaginary part (e2) of dielectric functions of the two constituents of the 1.5% film.  
Each constituent (solid line) is composed of one Drude and two Tauc-Lorentz oscillators (dotted 
lines). 
 
Figure 12-4 (left) shows how optical properties change throughout the 1.5% film.  
The same figure (right) shows a depth profiling of the e2 (the imaginary part of the 
dielectric functions) at 1.58 eV, where the interband absorption peak is located.   
The graded layer works by creating 5 homogeneous sub layers of a uniform 
thickness.  Each homogeneous sub layer is a mixture of the two constituents, whose 
mixing ratio varies at each sub layer.  This mixing ratio (or the volume fraction) is part of 
the fitting parameters.  We find, from a final fit, the bottom layer is a mixture of 
constituent #1 (35%) and constituent #2 (65%), and the top layer is 100% constituent #1. 
The number of total layers can be increased, but we found experimental data are 
not very sensitive to the fine details of the grading.  Overall, the dielectric function 
changes linearly with depth.  But, if we see carefully, the variation of e2 is higher near 
the bottom of the film.  The dielectric function is independently calculated at each sub 
layer; thus, the dielectric function is not necessarily linear.  
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Figure 12-4: The imaginary part (e2) of the dielectric functions at the top and the bottom layer of the 
1.5% film (left).  A depth profiling of the e2 at 1.58 eV (right). 
 
Figure 12-5 compares the Drude oscillators of the two constituents (on the left) as 
well as the Tauc-Lorentz oscillators (on the right).  The Drude oscillator is the result of 
electrical conduction resulting from free electrons.  The Tauc-Lorentz oscillator is 
simulating the interband absorption at 1.58 eV, which is the result of the parallel bands 
near the Fermi level.  We discussed both the free electrons and the interband absorption 
in Chapter 10. 
The effect of the oxygen incorporation (1.5%) is more visible in the interband 
absorption (Tauc-Lorentz) than the intraband absorption (Drude).  We speculate the 
oxygen content increases the volume oxide within the film, decrease the grain sizes, and 
increase the disorder; which is why the aluminum’s intrinsic peak (the interband 
absorption) is smoothed out.  Based on the relatively small change in the intraband 
absorption (Drude), we believe that the film is still metallic throughout the whole 
thickness, but the disorderliness of the film increases dramatically as we move toward the 
top of the film.  
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Figure 12-5: Two Drude oscillators from two constituents of the 1.5% film are compared (left).  The 
Tauc-Lorentz oscillators from two constituents of the 1.5% film are compared (right).  The dotted 
lines show the dielectric functions of the bottom and the top layer. 
 
Finally, we discuss the “goodness of fit”.  Some studies refer to mean squared 
error (MSE) for the quality of fit.  But, MSE is a simplistic estimator.  We prefer to show 
model and experimental data over the entire spectral range.  The current model shows a 
good fit to ellipsometry data over the whole range of photon energy, as shown in Figure 
12-6.  The same figure also shows transmissivity from the model and the experiment.  
While there is some degree of difference between the model and experimental data, 
considering such a low scale of transmissivity (~ 0.1%), the disparity seems acceptable. 
The inset in the transmissivity figure shows how much the fit has been improved 
after the grading.  Without the grading, the model predicts about 10 times higher 
transmissivity: in other words, 10 times less absorption.  This is corrected by having the 
aluminum enrichment toward the bottom of the film.   
The selection of the current model is also based on each parameter’s 90% 
confidence limit; this represents uncertainty on the parameter and should be low.  We 
also check the two-parameter correlation coefficient, which represents the independence 
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of parameters, and this should be low too.  The MSE, 90% confidence limit, and two-
parameter correlation coefficient are listed in Appendix.   
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Figure 12-6: Experimental and generated ellipsometry data (psi and delta) and transmissivity from 
the 1.5% film.  The inset in the transmissivity figure shows transmissivity with/without the grading in 
the model. 
 
12.4. The 2% Film 
The 2% film is modeled with a 72 nm inhomogeneous graded layer and a 2 nm 
surface roughness layer (Table 12-2).  Figure 12-7 shows two constituents of EMA 
modeling of the 2% film.  Constituent #1, shown on the left, is modeled with a 
combination of two Tauc-Lorentz oscillators based on the ellipsometric data of the film.  
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Constituent #2, shown on the right, is modeled with a Drude oscillator, which is similar 
to the Drude oscillator used for the 1.5% film.  
Table 12-2: The optical modeling of the 2% film deposited on a glass substrate at 2 mtorr (working 
pressure) and 200 W (sputtering power). 
 
2  Surface roughness layer 2 nm 
1  BEMA + Grading 72 nm 
0  Microscope Glass 1 mm 
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Figure 12-7: Imaginary part (e2) of dielectric functions of the two constituents of the 2% film.  
Constituent #1 is composed of two Tauc-Lorentz oscillators.  Constituent #2 is modeled with a Drude 
oscillator. 
 
The final model predicts the bottom layer is a mixture of 23% constituent #1 and 
77% constituent #2.  The top layer’s mixing ratio is 87:13. Thus, the bottom layer is 
optically less dense than constituent #2, and the top layer is optically denser than 
constituent #1.  The color filled region in Figure 12-8 (left) illustrates the variation of the 
optical property throughout the 2% film. 
Figure 12-8 (right) shows a depth profiling of the e2 at 1.58 eV, where we 
observed the interband absorption peak in 1.5% film.  If we carefully look at one of the 
Tauc-Lorentz oscillators in constituent #1 (Figure 12-7), it has a very small bump at the 
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interband absorption energy.  But, the free elections’ absorption modeled by a Drude 
oscillator outweighs the interband absorption; thus, we cannot identify the interband 
absorption.   
Based on the free electron absorption, we believe the 2% film is still metallic near 
the bottom.  But, we may not expect the same orderliness seen in the 1.5% film.  In fact, 
the Drude absorption just looks like the liquid aluminum’s free electron absorption 
(Miller, 1969).  We speculate that the aluminum atoms near the bottom may be 
distributed quite randomly or similarly to a liquid aluminum (Faber, 1966; G. B. Smith, 
Niklasson, Svensson, & Granqvist, 1986). 
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Figure 12-8: The imaginary part (e2) of the dielectric function at the top and bottom layer of the 2% 
film (left).  A depth profiling of the e2 at 1.58 eV (right). 
 
The final model shows a good fit to ellipsometry data over the whole photon 
energy range, as shown in Figure 12-9.  The transmissivity shows the improvement of the 
model when the graded structure is incorporated. 
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Figure 12-9: Experimental and generated ellipsometry data (psi and delta) and transmissivity from 
the 2% film.  Transmissivity shows the improvement when the grading is added to the modeling. 
 
12.5. The 3% Film 
The 3% film is quite similar to the 2% film in both the modeling method and the 
optical properties.  Thus, we present only the results without further explanation.  Table 
12-3 shows the structure of the 3% film’s optical modeling.  Figure 12-10 (left) shows the 
two constituents of the EMA modeling and the variation of the dielectric function (e2) 
between the top and bottom layer of the film.  Figure 12-10 (right) shows a depth 
profiling of e2 at 1.58 eV (right).  The final model shows a good fit to both ellipsometric 
data and transmissivity over the whole photon energy range, as shown in Figure 12-11.  
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One thing to note: the small bump of e2 at interband absorption energy (1.58 eV) seen in 
the 2% film is not visible in the 3% film. 
Table 12-3: The optical modeling of the 3% film deposited on a glass substrate at 2 mtorr (working 
pressure) and 200 W (sputtering power). 
 
2  Surface roughness layer 2 nm 
1  BEMA + Grading 86.7 nm 
0  Microscope Glass 1 mm 
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Figure 12-10: The imaginary part (e2) of the dielectric function at the top and bottom layer of the 
3% film (left).  A depth profiling of the e2 at 1.58 eV (right). 
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Figure 12-11: Experimental and generated ellipsometry data (psi and delta) and transmissivity from 
the 2% film.  Transmissivity shows the improvement when the grading is added to the modeling. 
 
12.6. The 4% Film 
The 4% film is modeled with an 82 nm inhomogeneous graded layer and a 2.2 nm 
surface roughness layer (Table 12-4).  We find this film shows quite different characters 
from other off-stoichiometric films.  We will discuss them in the following section. 
Table 12-4: The optical modeling of the 4% film deposited on a glass substrate at 2 mtorr (working 
pressure) and 200 W (sputtering power). 
 
2  Surface roughness layer 2.2 nm 
1  BEMA + Three Node Grading 82 nm 
0  Microscope Glass + Backside Reflection 1 mm 
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Because the 4% film is not as optically thick as the others (1.5, 2, and 3% films), 
there is chance that source light penetrates the film and is reflected at the bottom of the 
glass substrate to come back to the ellipsometer’s detector.  This “backside reflection” is 
not coherent with the reflection at the top of the film surface because of the thickness of 
the substrate.  Thus, we have applied a matte-finished scotch tape on the backside of the 
substrate.  The tape functions as if the backside of the film is roughened and reduces the 
backside reflection.   We speculate that this treatment does not completely eliminate the 
backside reflection.  As a complementary treatment, we use a modeling capacity in 
WVASE32 called “Eb - Ellipsometry, backside corrected reflection mode” (Johs, 
McGahan, & Woollam, 1994; Woollam, 2002).  We find this combined method addresses 
the incoherence. 
Figure 12‑12 shows two constituents of EMA modeling of the 4% film.  Both 
constituents are modeled with a Tauc-Lorentz oscillator.  We find no need to have a 
Drude oscillator to simulate the free electron absorptions, which are observed in other 
off-stoichiometric films.  However, we cannot exclude the possibility that free electron 
absorptions might exist.  The absorption scale may be too small compared to other 
absorptions, which are accounted for by a Tauc-Lorentz oscillator (constituent #1).  If we 
extended the measurement range into IR region, we could tell more about the free 
electrons.   
Constituent #2 shows dramatically low absorption.  In fact, the shape of the 
dielectric function (e2) is similar to the alumina films’ dielectric function; both show 
absorption tails whose levels decrease exponentially with decreasing photon energy.  But 
the constituent #2 shows a higher level of absorption.  We speculate this constituent 
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simulates optical properties of an alumina film whose band gap is much reduced.  See 
more about the reduced band gap in Chapter 9 “Oxide Films.” 
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Figure 12-12: Imaginary part (e2) of dielectric functions of the two constituents.  Each constituent is 
modeled with a Tauc-Lorentz oscillator. 
 
Figure 12-13 (left) shows how the dielectric function (e2) changes throughout the 
4% film.   We notice the bottom layer’s dielectric function is somewhat similar to one of 
the Tauc-Lorentz oscillators used for modeling the 1.5% film.  This Tauc-Lorentz 
oscillator belongs to the 1.5% film’s constituent #1, which is composed of one Drude and 
two Tauc-Lorentz oscillators.  If the Drude oscillator is excluded, the bottom of the 4% 
film is similar to constituent #1 of the 1.5% film (see Figure 12-3).  Thus, we think the 
bottom of the 4% film does not have enough free electrons to be considered metallic.  But, 
the remaining interband peak, although it is very broadened, indicates a few aluminum 
particles exist in the bottom.  We speculate that most of the aluminum particles do not 
agglomerate together because of too high oxygen content in the film.   
Interestingly, when we modeled the 2% and 3% films, we could not identify the 
aluminum interband absorption well.  Now, the 4% film has lost the free electron 
absorption, which makes it easy to see the interband absorption. 
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Figure 12-13 (right) shows a depth profiling of e2 at 1.58 eV.  The dielectric 
function does not change linearly anymore.  Instead, it drops quickly up to ~ 20 nm then 
stays almost constant.  Note that other off-stoichiometric films showed a linear-like 
grading of the optical property, but this film shows that the variation of property is 
confined near the substrate.   
We called this as inhomogeneity and discussed how other studies dealt with it in 
Chapter 11.  In our final model, we put a third node at 30 nm from the substrate.  The 
other two nodes are located at the bottom and the top of the film.  Thus, the film has a 
total of 10 sub layers: 5 sub layers below the third node and 5 sub layers above the third 
node.  Overall, we see an exponential variation of the properties in this film. 
We mentioned the 4% oxygen flow ratio is the threshold oxygen flow ratio, above 
which films are deposited as oxides by the reactive sputtering system.  In Chapter 2 “Film 
Deposition” we showed the film composition vs. the oxygen flow ratio in Figure 2-1, 
where the oxidation of the metal target happens around the 4% oxygen flow ratio.  It 
appears that the 4% film “captures” the transition to oxides. 
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Figure 12-13: The imaginary part (e2) of the dielectric function at the top and bottom layer of the 
4% film (left).  A depth profiling of the e2 at 1.58 eV (right). 
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This three-nodes-grading shows a good fit to ellipsometry data as well as the 
transmissivity over the whole photon energy as shown in Figure 12-14.  Note the 
transmissivity figure does not compare models with/without grading as we did before for 
other off-stoichiometric films.  We find that the model without grading does not converge 
at all. 
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Figure 12-14: Experimental and generated ellipsometry data (psi and delta) and transmissivity from 
the 4% film.  Transmissivity shows the improvement of the modeling with grading. 
 
In Figure 12-15, we summarized the dielectric functions of the four off-
stoichiometric films discussed in this chapter.  The solid region in each film (1.5, 2, 3, 
and 4% film) illustrates how the dielectric functions change within the film.  The solid 
line shows the dielectric functions of the aluminum (0%) film and is provided for 
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comparison.  In appendix A.1, we summarized the index of refraction (n), extinction 
coefficient (k), and the absorption coefficient of the off-stoichiometric films. 
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Figure 12-15: Compilation of the dielectric functions (e1 and e2) of the off-stoichiometric films 
deposited at 1.5, 2, 3, and 4% oxygen flow ratios.  In each film, the solid region shows the profiling of 
the dielectric functions within the film.  The solid line shows the dielectric functions of the aluminum 
(0%) film and is provided for comparison. 
 
To summarize, we have shown how we modeled the off-stoichiometric films, 
where inhomogeneity and non-intrinsic properties exist.  We used the EMA to address 
the two characteristics.  We found mixing intrinsic properties of aluminum and alumina 
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did not work.  Even mixing our own aluminum and alumina film was not good enough 
for simulating the non-intrinsic properties.  Instead, we chose materials whose properties 
change gradually: starting from the 0% film to 1.5, 2, 3, 4% film.  This is how we dealt 
with non-intrinsic properties of the off-stoichiometric films.   
All off-stoichiometric films showed inhomogeneity.  We implanted a linear-like 
grading for the 1.5, 2, and 3% film and a non-linear grading for the 4% film, which was 
the result of the reactive sputtering with a threshold oxygen flow ratio (4%), around 
which the target oxidation occurred. 
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13. Conclusion and Future Work 
13.1. Conclusion 
We deposited thin films whose composition varies from alumina to aluminum by 
a reactive sputtering system with aluminum as a metal target and oxygen as a reactive gas.  
The composition changed from aluminum to alumina as the oxygen flow ratio increased.  
Films appeared as alumina once the oxygen flow ratio exceeded 4%.  In other words, the 
target changed its mode from a metal to an oxide around 4% (Chapter 2). 
We found our films’ composition with XPS.   A survey spectrum was measured 
after surface cleaning by argon etching for 5 min.  The spectrum was corrected by 
shifting the measured Ar 2p peak to its true binding energy at 248.1 eV.  After the low-
resolution survey spectrum, a narrow scan spectrum with a higher resolution was 
obtained to create quantification regions for O 1s and Al 2p.  For accurate quantification, 
we purchased and quantified a sapphire sample, crystalline Al2O3, and modified the 
default RSF for our XPS to yield 2:3 as a ratio Al:O of the sapphire.  We found the 
concept of “intermediate oxidation states” important to understanding the change from 
stoichiometric aluminum/alumina thin films to the off-stoichiometric films.  These states 
were also viewed as defect or disorderliness (Chapter 3). 
We did an analytical calculation to associate the off-stoichiometry or intermediate 
oxidation states with the oxygen pressure through the Brouwer approach.  In our simple 
analysis, we assumed oxygen vacancies (Schottky defect) are a controlling defect type 
because of the reducing (oxygen-less) environment during the film deposition.  This 
calculation showed that as the oxygen partial pressure decreased, the concentration of 
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oxygen vacancy increased.  This oxygen vacancy decreases ionic bondings and increases 
intermediate oxidation states accordingly (Chapter 4). 
We directly measured the thickness of films by XRR for an accurate optical 
modeling.  In ellipsometry, we can model both the thickness and the optical constants of 
films.  But, if we know the thickness externally, we can be more confident about the 
optical constants.  Besides the thickness we found from XRR, this technique allowed us 
to see a trend: as a film becomes more metallic or thicker, the film surface gets rougher, 
then the thickness fringes are smoothed out, then the direct thickness measurement is not 
possible.  These facts limited the thickness range of a film we could deposit. 
We used AFM to measure the RMS roughness of a film. Then, the RMS was 
assigned to the thickness of a roughness layer in its optical modeling.  Both techniques 
(XRR and AFM) proved useful to the ellipsometry modeling by providing the thickness 
of the film and the roughness layer (Chapter 5). 
We measured transmissivity of films using spectrophotometry.  Transmissivity 
was fitted together with ellipsometric data in the optical modeling of the films.  We found 
transmissivity was crucial to the modeling of inhomogeneity, which occurred when a film 
chemically deviates from the stoichiometric alumina or aluminum film (Chapter 6). 
We covered the fundamentals of ellipsometry and illustrated a simple structure of 
a film as an example of optical modeling.  We pointed out the simple structure might 
work for homogeneous alumina/aluminum films, but might be lacking in addressing 
inhomogeneity occurring in off-stoichiometric films (Chapter 7). 
We modeled the microscope glass substrate prior to a film deposition on the 
substrate.  Because the microscope glass substrate was not an optical quality glass such as 
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a quartz glass (SiO2), we could not use the well-known optical constants of SiO2 for the 
glass substrate.  Thus, we did optical measurements on the glass substrate to find out its 
optical constants and identified any optical absorption, which might occur because of 
other chemical elements in the glass substrate.  We found the glass absorption index, k 
was around 10^-6.  If we did not account for this absorption, it would have been 
inaccurately attributed to a subsequent deposited film.  In other words, the film’s 
absorption level might be overestimated (Chapter 8).  
We modeled alumina films deposited at 5 to 9% oxygen flow ratios with 
dispersion relations (Sellmeier and Lorentz).  These oscillators showed that as the oxygen 
flow ratio decreased, the resonance energy of the corresponding film also decreased.  We 
speculated that the decreased oxygen flow induced more defects, which situated 
themselves below the band gap and eventually lowered the band gap, thus allowing the 
UV absorption tail to encroach on the VIS region.  This reasoning agreed with the point 
defect calculation by the Brouwer approach (Chapter 4) where oxygen vacancies 
(defects) increased with a decreasing oxygen partial pressure.  The reasoning also agreed 
with the XRR result (Chapter 5) where a film’s density decreased with a decreasing 
oxygen flow ratio.   
The index of refraction of our alumina thin films was lower than the reference 
data by about 8%.  This gap is reasonable because thin films are expected to have lower 
packing density or higher porosity than bulk materials (Chapter 9). 
We used an ensemble of a Drude oscillator and two Tauc-Lorentz oscillators to 
model the aluminum film deposited at 0% oxygen flow ratio.  The Drude oscillator 
represented the electrical conduction resulting from free electrons (intraband absorption).  
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The Tauc-Lorentz oscillators represented the interband absorption arising from 
transitions between parallel bands near the Fermi level. 
No external oxygen was added during the deposition of aluminum film, but the 
deposition took place at a base pressure of 1e-6 torr (working pressure was 2e-3 torr); 
thus, there was residual oxygen, which was gettered to aluminum molecules.  This 
oxygen gettering was believed to form volume oxides in the film, thus causing the 
reduction in the interband absorption, which was expressed by the Tauc-Lorentz 
oscillator.  
From the Drude oscillator, we found the free electrons’ optical mass was higher 
and their relaxation time was shorter compared to the bulk aluminum film’s.  This means 
the optical conductivity of the aluminum thin film is lower than the bulk, as it should be.  
In the aluminum film modeling, the surface roughness layer modeling was crucial 
for a good fit due to the highly reflective nature of the film.  By modeling this layer, we 
could peel the layer analytically and calculate the reflectivity of the “pure” film 
underneath the roughness layer.  There was a consistent reflectivity gap between the 
“pure” film and the bulk reference film (deposited at high temperature and in UHV), and 
the gap was attributed to the volume oxide (Chapter 10). 
We surveyed how the EMA was used in various research fields.  Each study 
manipulated the EMA to address its film’s particular characteristics under study.  In our 
study of modeling the off-stoichiometric films deposited at 1.5 to 4% oxygen flow ratios, 
we needed to accommodate the non-intrinsic properties and the inhomogeneous structure 
through the EMA (Chapter 11). 
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For the 1.5% oxygen flow ratio film, we mixed one material, optically similar to 
the top portion of the film, with another material similar to the 0% film (aluminum thin 
film) by the EMA.  The optical properties of the film changed almost linearly with depth.  
The film was metallic overall, but the disorderliness increased toward the top of the film. 
The 2% and 3% films were similar in their optical properties.  Both films’ 
absorption spectra were comparable with a liquid aluminum spectrum; thus, we expect 
the orderliness decreased significantly.  Both films showed a linear-like variation in the 
optical properties similar to the 1.5% film.  But, in the top portion of the films, we could 
not observe the free electron absorption anymore.  
The 4% film did not show the free electron absorption throughout the film, 
although we speculate that the film contains aluminum particles based on the interband 
peak.  From the optical modeling, we found the aluminum particles were confined in the 
bottom of the film, and the particles did not agglomerate together because of the oxygen 
contents (4%) provided during the film deposition.  The 4% oxygen flow ratio was the 
threshold ratio, above which films came out as oxides from the sputtering system 
(Chapter 12). 
 Our goal in this work was to understand how the optical properties of 
alumina/aluminum thin films change with their stoichiometry.  The main challenge was 
how to model the off-stoichiometric films whose properties were inhomogeneous and 
non-intrinsic.  To incorporate these two non-ideal properties into the modeling of the 
films, we developed an approach where we could mix and grade constituent materials 
through the effective medium approximation.  We believe all real films contain these 
non-ideal natures to some degree, and the fundamentals of our approach are not limited to 
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the alumina/aluminum thin films.  We hope this study will be useful for modeling thin 
films possessing the non-ideal properties. 
13.2. Future Work 
In our optical modeling, oscillators were set up to represent the fundamental 
characteristics of the thin films such as the band gap (in alumina thin films) and the 
interband and intraband absorption (in aluminum thin film).  As a result, variations in the 
composition and/or structure of the films were mapped into the oscillators.  The key 
attributes of the variations were recognized as defects and disorders, which were 
accompanied by the incomplete insertion of oxygen during the alumina film deposition.  
In future work we hope to investigate temperature effect on the oscillators directly related 
to the optical properties of the thin films.  This will more fully elucidate the fundamental 
nature of optical properties of alumina/aluminum thin films. 
For this type of experiment, a simple approach would be heating the film’s 
substrate during the optical experiments - ellipsometry and spectrophotometry.  Current 
ellipsometer and spectrophotometer do not have heating elements.  Thus, building up a 
heater compatible with the optical instruments might be the first step.  Accordingly, it 
might be needed to replace the microscope glass (substrate) with fused silica because the 
former will show glass transition around 500 Celsius.  Any small deformation might 
cause mechanical damage to the thin (~70 nm) films. 
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Appendix A: Optical Constants and Fit Status  
A.1. Optical Constants of The Off-Stoichiometric Films 
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Figure 0-1 
Figure A-1: Index of refraction (n) and extinction coefficient (k) obtained from the off-stoichiometric 
films deposited at 1.5% oxygen flow ratio. 
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Figure A-2: Index of refraction (n) and extinction coefficient (k) obtained from the off-stoichiometric 
films deposited at 2% oxygen flow ratio. 
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Figure A-3: Index of refraction (n) and extinction coefficient (k) obtained from the off-stoichiometric 
films deposited at 3% oxygen flow ratio. 
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Figure A-4: Index of refraction (n) and extinction coefficient (k) obtained from the off-stoichiometric 
films deposited at 4% oxygen flow ratio. 
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A.2. Absorption Coefficient of The Off-Stoichiometric Films 
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Figure A-5: Intensity absorption coefficient [cm^-1], which is defined as 2! times the extinction 
coefficient (k) divided by the wavelength.  There are two lines for each film.  The higher absorption 
coefficient line represents the bottom layer and the lower absorption coefficient line represents the 
lower layer of each film. 
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A.3. 90% Confidence Limits and Two-parameter correlations  
Table A-1: 90% confidence limits of the fitting parameters of the 1.5% film. 	  	  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table A-2: 90% confidence limits of the fitting parameters of the 2% film. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 	  
C2.1 0.82884±0.00212 
Amp3.1 105.75±0.181 
Amp2.1 5.2413±0.0178 
En2.1 1.6495±0.000669 
PolePos.1 11.916±0.0411 
PolePos2.1 0.23399±0.00288 
NodeVal0.2 64.954±0.626 
EMA2.3 63.457±0.182 
Amp1.1 108.16±0.146 
Thick.2 72.943±0.924 
Amp2.1 1.1717±0.0553 
Br2.1  1.1058±0.0256 
Amp3.1  29.375±0.612 
En3.1  3.3454±0.00756 
C3.1  4.5915±0.0441 
Br1.2  7.7743±0.595 
Amp1.2  28.169±0.591 
Thick.3  72.455±0.423 
NodeVal0.3  77.026±0.603 
NodeVal7.3  12.725±0.721 
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Table A-3:  90% confidence limits of the fitting parameters of the 3% film. 
 
 
 
 
 
 
Table A-4: 90% confidence limits of the fitting parameters of the 4% film. 
 
 
 
 
A.4. First Order Approximation of Radiative Properties of Al2Ox 
Particles 	  
Burning aluminum and aluminum oxide particles play important part in the 
radiative heat transfer in aluminized solid rocket motors and exhaust plumes.  To predict 
the radiative transfer, we need to know how these particles interact with radiation 
incident on them.  In practice, we need to know volumetric properties of a mixture of all 
particles of different sizes and optical properties.  The volumetric properties can be 
estimated by adding up single particles’ properties, which can be calculated by Mie 
NodeVal0.3  57.123±0.131 
NodeVal7.3  2.5664±0.232 
Amp3.1  41.375±0.141 
C3.1  4.9394±0.018 
Eg3.1  0.8994±0.00417 
Br2.1  1.4552±0.0127 
En2.1  1.3615±0.00458 
Amp1.2  34.336±0.141 
PolePos.1  14.608±0.0188 
Thick.3  86.741±0.126 
PolePos.1  4.3776±0.0362 
En2.2  3.6731±0.0247 
PoleMag2.2  0.16286±0.00704 
En2.1  3.6762±0.00328 
NodeVal1.3  4.6268±0.0524 
Amp2.1  5.9422±0.00359 
BackRefl  0.010598±0.00393 
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theory.  It describes how a single particle interacts with radiation and provides 
fundamental properties of the particle - absorption/scattering efficiency, albedo, and 
phase function.   
Our objective in this section is to provide an idea how aluminum/alumina 
particles’ radiative properties are affected by the particles’ stoichiometry.  We used 
optical constants of thin films deposited by reactive sputtering at various oxygen flow 
ratios.  These optical constants were assumed to represent the particles’ optical constants 
and were used as input parameters to Mie theory.  We hope this calculation will serve as 
a first order approximation for radiative properties of the particles vs. stoichiometry.  
We assumed followings for the calculation with Mie theory. 
o The incident radiation is unpolarized or circularly polarized 
o The incident radiation’s wavelength is 1.7 microns. 
o The particle’s shape is sphere, and its diameter is 1.2 microns. 
o Scattering by one particle is not affected by the presence of surrounding particles. 
o Surrounding medium’s refractive index is 1, and the medium is not absorbing. 
Table A-5 shows the calculation results from Mie theory under the assumptions 
mentioned above.  The first two columns indicate the oxygen flow ratios with which each 
thin film was deposited.  The next two columns called n and k are optical constants of 
each thin film at wavelength 1.7 microns.  The next six columns are output parameters 
from Mie theory.  The first three columns are scattering efficiency, absorption efficiency, 
and extinction efficiency.  The remaining three columns are normalized extinction 
efficiency (extinction efficiency divided by its maximum), albedo, and asymmetry factor.  
The last three parameters are plotted in the Figure A-6.  
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Table A-5. This table contains optical constants (n and k) from aluminum/alumina thin films 
deposited by reactive sputtering.  The deposition took place with the oxygen flow ratios varying 
between 0% and 9% at room temperature.  The next three columns are 
scattering/absorption/extinction efficiencies.  The remaining three columns are the extinction 
efficiency divided by a maximum extinction efficiency, albedo, and asymmetry factor (average cosine 
of phase function) calculated with Mie theory. 	  
Sample 
Oxygen 
flow 
ratio (%) 
n k Scattering efficiency 
Absorption 
efficiency 
Extinction 
efficiency 
Normalized 
extinction 
efficiency 
Albedo Asymmetry factor 
9% 9 1.6114 1.391E-06 2.81 0.00 2.81 0.97 1.00 0.61 
7% 7 1.6252 1.326E-06 2.88 0.00 2.88 1.00 1.00 0.61 
6% 6 1.6273 1.280E-06 2.89 0.00 2.89 1.00 1.00 0.61 
5% 5 1.6246 0.00012 2.87 0.00 2.87 0.99 1.00 0.61 
4% top 4 1.5709 0.01856 2.37 0.18 2.55 0.88 0.93 0.63 
3% top 3 2.8323 0.35559 1.18 1.50 2.68 0.93 0.44 0.61 
2% top 2 2.9006 0.45004 1.28 1.49 2.78 0.96 0.46 0.62 
1.5% top 1.5 2.147 10.04300 2.39 0.16 2.55 0.88 0.94 0.35 
0% 0 1.9153 15.67000 2.35 0.06 2.42 0.84 0.97 0.33 
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Figure A-6: The extinction efficiency normalized by its maximum (left), albedo (middle) and 
asymmetry factors (right) as a function of oxygen flow ratio. 
 
The figure on the left (normalized extinction efficiency) indicates all particles 
from aluminum to alumina are quite similarly efficient at extinguishing the incoming 
radiation on them.  The highest difference is about 15%.  The figure on the middle shows 
the albedo of the particles - the ratio of the scattering efficiency to the extinction 
efficiency.  The off-stoichiometric particles’ albedos are lower than others by 50%.  It 
tells us 50% of the extinction of the off-stoichiometric particles occurs through the 
absorption since all particles’ extinction efficiencies are at a similar level.  Furthermore, 
we can assume, by applying Kirchhoff's law of thermal radiation, the off-stoichiometric 
	   150	  
particles may emit more radiation than the stoichiometric particles.  The figure on the 
right shows asymmetry factors.  The positive number of the factor represents the particle 
scatters more radiation forward.  If the particle scatters more radiation backward, then its 
asymmetry factor should be negative.  We can tell the off-stoichiometric particles scatter 
less (lower albedo), but the way they scatter incoming radiation is similar to the 
stoichiometric alumina particles.  Besides the interesting characteristics of the off-
stoichiometric particles, it is worthwhile to note that aluminum particles are similar to 
alumina particles in terms of extinction/absorption/scattering efficiencies.  A difference 
comes from the asymmetry factor - aluminum particles scatters less forward than 
alumina. 
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